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Abstract
Abstract
The chronic problems of water quality and sanitation experienced by some of the South Asia 
countries were complicated by the year 2004 tsunami. Therefore this research study was 
aiming to study the post-tsunami and further health risks imposed on the aquifers in some of 
the affected areas, by carrying out a systematic well surveillance study, with the objective of 
providing medium to long term guidelines for the recovery and protection of groundwater 
quality.
A field based sanitary surveillance programme was carried out in the Maldives islands and 
Sri Lanka, using the World Health Organization’s (1997) water surveillance methodology. 
The water quality investigation focused principally on the 44®C thermo-tolerant (faecal) 
coliform (FC) counts, conductivity and temperature, which were measured during the field 
work.
Findings from the surveillance study imply that well water salinization is dependent on 
population density, rate of well water exploitation, amount of rainfall recharge, width of the 
island, tidal pressure waves and natural disasters such as tsunami. Rate of recovery of the 
well water salinization post-tsunami is dependent on the level of tsunami impact, recharge to 
aquifer from rainfall and from nearby fresh surface water, and, level of well water 
exploitation, post-tsunami.
The sanitary survey form of the WHO (1997) surveillance methodology had to be modified to 
take account of the extreme vulnerability of the study areas. It was demonstrated that, under 
the very vulnerable hvdro-seolo^ical conditions o f  this studv. where on-site sanitation 
svstems are vracticed in close proximity to wells, and all other observable sanitarv hazards 
occur, the combined risk analysis (of the sanitary survey observations together with the faecal 
coliform counts) was not useful in identifvins hazards and hence prioritizins remedial action 
to improve the microbial quality of well water. In this scenario, the provision of more 
efficient sanitation systems is the foremost remedial action required to be carried out, prior to 
assessing other sanitary hazards to the water resource and supply, to improve the water 
quality. In terms of medium to long term strategies, the further treatment o f septic tank 
effluents, by tile field filters, was identified as the single, most important intervention 
required to protect the shallow aquifers from faecal contamination. Target 17 of the UN
Abstract
MDGs will not be met until water safety plans, which include improving sanitation 
technologies performance and making fundamental changes to the surveillance methodology 
of WHO (1997), are implemented.
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1.1 Water and sanitation
Target number 7c of the United Nation Millennium Development Goals (MDGs) is to halve 
the proportion of people without sustainable access to safe drinking water and sanitation by 
the year 2015. The two indicators defining target number 7c of the MDG 7 (Environmental 
sustainability) are:
• Proportion of the population with sustainable access to improved water source
• Proportion of the population with access to improved sanitation.
Sanitation technologies considered as not improved are service or bucket latrines, public 
latrines and open pit latrines. More than a half (59%) of the population in the South Asia did 
not have access to safe sanitation (Figure 1.1) by year 2010 (UN, 2012, pp54).
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Figure 1.1: Change in proportions (as percentage values) of population in sanitation 
practices, by region, between 1990 and 2010.
Unimproved water sources are unprotected wells, unprotected springs, vendor-provided 
water, bottled water (unless water for other uses is available from an improved source) and 
tanker truck-provided water (WHO, 2008). Even though the MDG safe water supply targets 
seem to have been achieved by year 2010 (Figure 1.2), the estimated proportion of the global
1
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population having access to safe water supply targets could be an overestimate due to the fact 
that the dimensions of safety, reliability and sustainability of the water supplies were not fully 
reflected in the proxy indicators used to track the progress (UN, 2012, pp52).
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Figure 1.2: Proportion of
population, by region, using an 
improved water source, 1990 and 
2010 (Percentage values).
Since the majority of the population in South Asia is not served with improved sanitation 
(Figure 1.1), and there are uncertainties surrounding the safe water supply coverage estimates 
(Figure 1.2), water and sanitation problems are significant in South Asia. Water, sanitation 
and hygiene are interrelated issues. Therefore South Asian populations are still facing very 
high health risks. Figure 1.3 indicates not only the relationship between lack of access to safe 
water and infant mortality, but also the effect of GDP (Gross Domestic Product). Figure 1.4 
summarizes and compares the impact of a range of water and sanitation interventions on 
reducing diarrheal morbidity.
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Figure 1.3: Global association between national access to improved water source, GDP 
and infant mortality rate.
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In addition, the year 2004 South Asian tsunami damaged the groundwater systems in the 
affected areas complicating the chronic problems of well water supply and sanitation
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summarized above. The effects of the tsunami on groundwater may be considered under three 
different scenarios as follows;
a) The salinization of groundwater in the affected regions at varying levels, depending on 
the level of impact caused by the tsunami brought sea waves and the sub-surface tidal 
pressure waves
b) Microbial contamination of groundwater due to the wastewater from the failed sanitation 
systems (due to fierce tsunami waves) mixed up with the local groundwater
c) Suspected physical damage to the aquifers caused by the tsunami brought sea waves and 
the sub-surface tidal pressure waves.
1.2 Research opportunity
The main objective of the city of Karlsruhe’s humanitarian response to the December 2004 
tsunami was to provide disaster relief including safe water supplies to coastal communities 
most severely affected in Sri Lanka. However, as part of their response to the tsunami, the 
Mayor of Karlsruhe’s office, via the Stadtwerke Karlsruhe, provided a research grant which 
enabled the author to study the post-tsunami contamination risks imposed on the groundwater 
systems in some of the affected areas. The research opportunity was used to carry out a 
systematic well water surveillance study in tsunami affected area/s, with the objective of 
assessing the safety of drinking water (which is mainly well water) quality and to providing 
medium to long term guidelines for protection of the well water quality.
1.3 Study areas
Ground water and sanitation problems in the Jaffiia peninsula of Sri Lanka had previously 
been studied by the author (Shivasorupy, 2005). Consequently this area was originally chosen 
as the study area because its groundwater system was also partly damaged by the year 2004 
tsunami. However, the war prevented field work from continuing in the Jaffna peninsula 
during the period of this study. Having identified similar water, sanitation problems and 
tsunami damage in the Negombo region (Sri Lanka) and selected islands of the Republic of 
Maldives, these were selected for the well water study. Independent field work was carried 
out in the Negombo region with the kind support of Mr Charles Gomez who is a resident of 
the Negombo region, whereas the Maldives Water and Sanitation Authority (MWSA)
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supported the field work carried out in the Maldives islands. Therefore, a major part of the 
field work was carried out in the Maldives islands.
The Maldives islands are very small islands. Owing to its geography, vulnerable 
hydrogeological set up, sanitation practices and the year 2004 tsunami impact, the Maldives 
groundwater is subject to salinization and faecal contamination from on-site sanitation 
systems. The close similarities existing between the Jaffna peninsula (the major part of it is 
surrounded by sea and lagoon carrying sea water with a small stretch of land connecting the 
peninsula with the mainland of Sri Lanka), the Negombo region (located on the western coast 
of Sri Lanka) and the Maldives islands in terms of the geography, hydrogeology and the 
groundwater quality issues, enable the findings from the field work carried out in the 
Maldives islands and the Negombo region to be compared. Consequently, some of the 
conclusions and recommendations made are also applicable to the Jaffiia peninsula. This 
research study about the groundwater contamination issues in terms of salinization and faecal 
contamination under very vulnerable hydrogeological conditions and post tsunami in the 
chosen study areas also enables the characterization of groundwater quality issues (mainly 
salinization and microbial contamination) under similar or lesser vulnerable environment and 
the application of findings form this study.
1.4 Aims and objectives
In its role as a WHO collaborating Centre, the Centre for Environmental Health Engineering 
at the University of Surrey is committed to the ‘protection o f water and health’ and to 
supporting the UN MDGs. This thesis is thus a contribution to the overall objective of the UN 
MDGs to provide safe water supply and improved sanitation. It is also concerned with 
evaluating the performance of methods recommended by WHO for assessing the safety of 
water sources and supplies.
The principal aim of this research project was to assess whether the post-tsunami water 
supply (mainly groundwater point sources in the study areas) is safe for drinking purposes. 
This was investigated in this thesis by testing the following hypotheses:
HI: The adverse impact on post-tsunami groundwater quality, mainly groundwater
salinization, is a long term critical drinking water quality issue in the tsunami affected 
areas
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H2: Certain contaminants and sources, such as faecal contamination from on-site
sanitation systems, cause more chronic issues for the safety of drinking water sources 
than tsunami inundation
Bearing in mind the safe water core objective and the hypotheses tested to achieve the core 
objective, the additional aims of this doctoral study were to:
i) assess the recovery of the groundwater quality in the study areas from year 2004 
tsunami impact, with respect to salinity and microbial contamination levels
ii) to identify and critically assess the sanitary hazards associated with well water using 
published water surveillance methods
iii) evaluate the applicability of the combined risk assessment technique using sanitary 
survey observations and faecal contamination level assessment in assessing the safety of 
the groundwater point source in very small islands compared to larger study area, as a 
basis for developing a water safety plan
iv) assess the current health related risks and future sustainability of the open dug wells 
used for groundwater exploitation
The overall objective of this project is the identification of the medium to long term measures 
required for the conservation of the groundwater quality in the study areas with respect to 
salinization and faecal contamination.
1.5 Project outline
Issues relating water quality and sanitation practices have long been discussed and a variety 
of solutions have been proposed. Techniques used in developed countries for safe sanitation 
and sustainable water supply are often inappropriate for developing countries mainly because 
the latter lack technological and financial resources. Developing countries require simple yet 
robust measures for achieving safe water and sanitation coverage.
This project involved a field based surveillance programme carried out in the Negombo 
region and selected islands of the Maldives to systematically collect data about sanitary 
hazards of abstraction wells and the quality, including faecal coliform counts, of 
groundwater.
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1.6 Project concept
Aiming at the medium to long term protection of groundwater quality in the study areas, this 
project followed the project concept presented in Figure 1.5. Each step presented in the 
project concept is discussed in detail in this thesis.
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Figure 1.5: Project concept diagram.
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2.1 Introduction
Exploiting groundwater as a drinking water source using dug wells is a common practice in 
the South Asia region, and exposes the well water quality to a substantial risk of 
contamination. Issues with groundwater contamination are often more severe in developing 
countries than developed countries because the former lack technical and financial resources 
for remedial work.
In the countries affected by the December 2004 South Asian tsunami, the chronic, major 
groundwater quality issues of salinization and microbial contamination were acutely 
aggravated by the tsunami. In order to study the extent o f well water contamination post­
tsunami and further health risks imposed on groundwater systems in some o f the affected 
areas, a research grant was made available from the Mayor of Karlsruhe’s office, via the 
Stadtwerke Karlsruhe, in Germany. In Chapter 06 of this thesis, the Tsunami impact and 
groundwater quality recovery is discussed in detail.
The core objective of this project was achieved through a systematic well water surveillance 
study in tsunami affected areas, with the overall objective of the identification o f the medium 
to long term measures required fo r  the conservation o f groundwater quality in the study 
areas with respect to salinization and faecal contamination. The literature review is carried 
out to support this objective.
The literature review begins with the occurrenee of different formations of aquifers 
highlighting the aquifer formations found in the study areas. Secondly, moving onto the 
discussion about the general groundwater quality issues, emphasis is given on the 
groundwater salinization and microbial contamination. Then the focus of the literature review 
is turned on to the development of a Water Safety Plan (WSP) to protect the open dug wells 
in the study areas. The literature review is coneluded with examining how a published 
surveillanee methodology (WHO, 1997) can be used to develop a well water protection 
strategy with respect to salinization and microbial quality in the study areas.
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2.2 Groundwater occurrence
Geology plays an important role in groundwater hydrology. The occurrence of groundwater 
varies spatially, depending on the geological conditions of each locality. The geological 
formation that holds and allows water to flow is known as the aquifer. An aquifer bound 
within two aquicludes is known as a confined aquifer (Figure 2.1 left). Aquiclude is a 
formation which carries but does not transmit water. Hence it serves as an impermeable layer. 
The water held in a confined aquifer creates an imaginary surface known as piezometric head 
or potentiometric head level. In an unconfined aquifer the top of the groundwater table is the 
top of the aquifer while below it lays an aquiclude (Todd, 1959). A special case of an 
unconfined aquifer, called a perched aquifer (Figure 2.1 right), occurs when groundwater is 
held by a limited areal extent impermeable layer, above a major groundwater-body.
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Figure 2.1: Schematic diagrams of (left) confined and unconfined aquifers and (right) 
Perched aquifers.
Figure 2.2 demonstrates the idealised condition of the fresh- and saline-water distributions in 
an unconfined coastal aquifer (an aquifer which is in contact with the sea. In this case, under 
natural conditions fresh groundwater will flow into the ocean. However if the groundwater 
flow is not sufficient to hold a barrier to sea water inflow (inland) then saline water intrusion 
will occur. The hydrodynamic balance between the fresh and the salt water rules the shape 
and the movement of the freshwater -  saline water interface (Todd, 1959). According to the 
Ghyben-Herzberg relation (by balancing the hydrostatic pressure at same level) fresh water 
depth below sea level (up to the saline water interface) is approximately forty times the fresh 
water height above the sea level (hg = 40 hf). Over exploitation of groundwater in the coastal 
aquifers affect the dynamic hydraulic balance occurring between the fresh and sea water, and
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causes sea water to intrude into the freshwater body. The groundwater aquifer in the 
Negombo study area is a coastal aquifer.
Groundwater table
Ground surface -
Ocean
Fresh water -  
Saline water 
interface
Saline water
Figure 2.2: Schematic diagram depicting a coastal aquifer (with idealised sketch of the
sea water -  fresh water interface).
2.2.1 Groundwater occurrence in small islands
Two types of groundwater aquifers occur on small islands namely perched and basal. A basal 
aquifer occurs by way of a fresh water lens or coastal aquifers lying above the sea water 
(UNESCO, 1991, p6). Figure 2.3 presents the schematic diagram of a groundwater aquifer 
occurring in small coral islands (where a chain of coral islands is located surrounding a 
shallow lagoon carrying sea water) in the form of a fresh water lens. Rainfall recharge, the 
size of the island and permeability of the aquifer strata control the depth to salt water at any 
location in small island aquifers while the size of the freshwater-saline water transitional 
zone is controlled by aquifer parameters such as hydraulic conductivity, porosity, hydraulic 
gradient and the tidal pressure fluctuations which induce freshwater-saline water mixing 
(Todd, 1959; Oberdorfer et al., 1990; Schneider and Kruse, 2003). The groundwater in the 
Maldives islands occurs in the basal lens formation. Coral (or atoll) islands such as Maldives 
islands are characterised with dual aquifers (Figures 2.3 & 2.4) where the less permeable 
Holocene aquifer is underlain by a highly permeable Pleistocene paleo-karst aquifer 
(Falkland, 1993; Schneider and Kruse, 2003; Bailey et al., 2010).
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Figure 2.3: Small island freshwater lens (exaggerated vertical scale).
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Figure 2.4: Conceptual model of coral island hydro-geology
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Under the dual aquifer scenario, the Ghyben-Herzberg-Dupit assumption of the occurrence 
of only density driven horizontal groundwater flow becomes invalid due to the presence of 
predominant, tidally induced, vertical flow component (Figure 2.4) from the lower 
Pleistocene aquifer, which causes freshwater saline water mixing (Oberdorfer et ah, 1990).
2.3 Groundwater quality issues
Both natural and anthropogenic activities taking place above or below the earth surface can 
cause groundwater contamination. According to Foster, Lawrence, and Morris (1998, p i8) 
the most common causes of groundwater contamination are:
1. Anthropogenic pollution of vulnerable and inadequately protected aquifers
2. Saline intrusion in inadequately managed aquifers
3. Naturally occurring problems related to hydro-geochemical evolution in certain types of 
strata
4. A fourth, and sadly all too frequent, cause of water quality problems is inadequate design, 
construction, operation and maintenance of wells themselves.
In general, the sources of groundwater contamination can be categorised into two, namely; 
point and diffuse source. Groundwater contamination from fertiliser application to 
agricultural land is a classic example of a diffuse source. Contamination from urban areas is 
another example of a diffuse source of groundwater pollution. Groundwater contamination 
from an on-site sanitation system is a typical example of a point source of groundwater 
pollution. However when an area is rich with on-site sanitation systems and/or individual 
groundwater point sources for domestic use, then the groundwater contamination from the 
on-site sanitation systems and/or the direct contamination through the point groundwater 
supply become diffuse sources of pollution for that regional groundwater body. The linear 
source of groundwater contamination can be another kind of groundwater contamination 
source. A leaking sewer pipe is a good example of a linear source of groundwater 
contamination. Groundwater contamination by recharge from a heavily polluted river or 
stream can also be considered as linear source of groundwater contamination.
Groundwater quality is generally analysed in terms of chemical and biological aspects. 
Groundwater, unless contaminated by natural and/or anthropogenic activities, is of good 
biological quality, due to the protection provided by the vadoze zone. Depending on the
12
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nature of the aquifer, in most instances, the chemical quality of unpolluted groundwater 
remains stable at an acceptable level. The vadoze zone contributes to the mineral composition 
of solutes generally found in groundwater. According to Fetter (1999) the variety of 
contaminants that could occur in groundwater, are; synthetic organic chemicals, 
hydrocarbons, inorganic cations, inorganic anions, pathogens, and radionuclides. The 
groundwater quality parameters that are most commonly of interest are; concentrations of 
nitrates and chlorides and coliform count (microbiological quality indicators).
Testing water quality for all of its constituents is time consuming and very expensive. 
Prioritising the parameters for testing depends on the end use. The WHO drinking water 
quality guidelines (Volume 3, Second edition, 1997) claims that different parameters may 
require different priorities for management to improve and protect public health. The 
guidelines propose the order of priority is to:
-  Ensure an adequate supply of microbiologically safe water and maintain acceptability to 
discourage consumers from using potentially less microbiologically safe water;
-  Manage key chemical contaminants known to cause adverse health effects; and,
-  Address other chemical contaminants.
Standards and guidelines are erected for the enforcement of groundwater quality. However 
the acceptability of water is equally dependent on the acceptability by the society. In most 
instances people believe their senses (by tasting, smelling and by looking at the appearance) 
to determine the acceptability, or what they believe is the ‘quality indicator’ of water.
2.3.1 Small islands groundwater quality issues
Owing to the physiographic, demographic, geologic and hydro-geological conditions, small 
islands often face specific groundwater quality issues such as (Dillon, 1991, Falkland, A.C., 
1993; Falkland, T., 1999; Foster et ah, 2000 and Morris et al., 2003),
-  Limited land area limiting the extent of fresh groundwater occurrence
-  Almost fiat topography of coral islands has no potential for the occurrence of surface 
water resources. Hence the groundwater occurrence is mainly dependent on rainfall 
recharge.
-  The lens formation of the groundwater is susceptible to sea water intrusion due to the 
close proximity to the sea\ocean surrounding the island
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-  Groundwater microbial quality is compromised due to the intense (due to limited land 
area) faecal contamination from human and animals
-  High population density causing,
o Over exploitation of groundwater resource leading to sea water intrusion. Excessive 
groundwater abstraction can cause an irreversible deterioration of the freshwater lens 
due to the very small extent of the island and close proximity to the (surrounding) sea. 
o High pollution load especially from on-site sanitation systems
-  Exposure to natural disasters which can impact the water quality such as complete / 
partial inundation of the island with sea water brought by tsunami or cyclones and storm 
surges.
-  Impact from global climate change. El Nino Southern Oscillation (ENSO) events can 
affect precipitation and cause sea level rise due to elevated sea level temperatures The 
impacts of ENSO events on small island hydrology can be
o Sea level rise can reduce the land area through which aquifer receives recharge and
hence will end up in reduction / loss of fresh water lens 
o Global warming causes unpredicted extended flooding and extended drought period. 
Extended drought period significantly hinders the rainfall recharge to groundwater 
aquifer and cause subsequent reduction available fresh groundwater.
Due to the nature of occurrence of groundwater aquifers in the Maldives islands (basal lens 
formation) and the Sri Lanka study areas (coastal aquifers) groundwater salinization is an 
important issue. Nevertheless the faecal contamination of shallow open dug wells from the 
on-site sanitation system, widely practiced in both of the study areas, is the other major 
groundwater quality issue faced by the local population in the study areas. On top of this is 
the impact from the December 2004 South Asia tsunami on groundwater quality.
2.4 Groundwater salinization
Groundwater salinization can be a direct consequence of over exploitation of groundwater. 
This is a widely experienced problem principally in coastal areas. The chloride content (a 
measure for salinity) in groundwater can increase due to: 
o Sea water intrusion (Figure 2.5)
o Up-coning of freshwater -  saline water interface of groundwater lens formation 
(Figure 2.6)
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o Accumulation of chlorides in the soil and local groundwater
o Contingency events such as partial / complete groundwater aquifer inundation with 
tsunami brought sea water (discussed in detail in Chapter 06)
The development of groundwater salinization due to the first three scenarios, in general, 
happens gradually while salinization due to the fourth scenario is instantaneous and 
sometimes more disastrous. The mechanisms of tsunami impact are discussed separately in 
Chapter 06. Due to the nature of the occurrence of groundwater in the study areas, all forms 
of groundwater contamination mentioned-above are potential causes of groundwater 
salinization in the study areas. However, in the study areas, the impact of salinization from 
accumulation of chlorides in the soil and groundwater is likely to be less significant than sea 
water intrusion and up-coning effects, because agricultural activities and irrigation are 
limited. Groundwater salinity can be measured in terms of Salinity (%), Electrical 
conductivity (EC) / specific conductance (pS/cm), Total Dissolved Solids (TDS) and 
Chloride (Cl ) content.
2.4.1 Sea water intrusion
When the hydraulic balance existing between the sea water and freshwater in coastal aquifers 
is affected sea water intrudes into the freshwater body (Figure 2.5). The freshwater-saline 
water interface at the coastal aquifer is very dynamic (Foster, 1976) due to:
-  Ocean tides which are in reciprocating motion
-  Groundwater abstraction activities in the coastal areas
-  Variation of the hydraulic properties of the reservoir in the vertical and lateral 
directions
For example Datta et al. (2009) reported that the extensive groundwater abstraction in the 
coastal regions of Nellore district in Andhra Pradesh of India, for agriculture, domestic and 
aquaculture use, made this coastal aquifer saline. Datta et al. (2009) further claimed that the 
over abstraction of groundwater mainly for aqua culture (which requires huge amount of 
water) in this study area has caused the freshwater levels already below the mean sea level in 
the area close to the coastal line.
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Another example highlighting the importance of hydraulic balance between the fresh and 
saline water in salt water intrusion is as follows. Giambastiani et al. (2007) reported that the 
strong drainage conditions maintained (to secure pine forests) in the Ravenna pine forests in 
the Po River plain in Italy caused lowering of the groundwater table. Drainage caused salt 
water intrusion from the brackish lagoon due to the low level hydraulic barrier provided by 
the fresh groundwater body.
t i i w etland  
I spring (fed by spring)
/
shallow  abstraction  
boreholes
w 3 t e r  t a b le aquitard
sea
I shallow  boreholes 
dry up boreholes pum p  
saline w ater
f  leakage
sea
saline
groundw ater
upward leakage 
through lower aquitard
Source: Morris et al. (2003, pp29)
Figure 2.5: Effect of pumping positions on sea water intrusion into a coastal confined 
aquifer.
Because of the dynamic hydraulic balance existing between the fresh and sea water in the 
coastal aquifers, a thick, brackish, transitional zone forms along the interface (Foster, 1976). 
Hence, in reality, the depth to the fresh water-sea water interface calculated using the 
Ghyben-Herzberg relationship could be inconsistent with the actual depth to the interface.
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2.4.2 Up-coning of the freshwater -  saline water interface
Over abstraction of groundwater in excess of the safe yield of the aquifer causes up-coning of 
the freshwater-saline water interface (Figure 2.6).
W  M   ^ M  MI PiiT^sing well
— i
Souree: Todd (1959, p291)
Figure 2.6: Up-coning of
freshwater -  saline water interface 
in an oceanic island due to 
excessive pumping of well.
The up-coning effect due to over pumping well water can be significant in small islands 
where groundwater occurs in lens formation over a small extent. When the recharge is not 
sufficient to dilute the saline water intruded the chloride concentration in the fresh 
groundwater increases.
2.4.3 Accumulation of chlorides in the soil and local groundwater
Chloride accumulation in the soil and groundwater can occur due to continuous usage of on­
site sanitation practices (ARGOSS, 2002, p8) and recycling of abstracted groundwater such 
as irrigating crops using local groundwater (Guganesharajah et al. 2007). For example, in a 
case study by Wright and Barker (1991) on the evaluation of groundwater resources in 
Anguilla, the elevated levels of salinity in the Anguilla groundwater (often more than 
1425pS/em) was suspected to be brought by the recycling of abstracted groundwater.
2.4.4 Groundwater salinization in small islands
Groundwater salinization in small islands can occur due to sea water intrusion, up-coning of 
freshwater -  saline water interface or accumulation of chlorides in the soil as discussed in the 
preceding sub-sections. When manual well water abstraction is mostly practiced (e.g. in rural 
Maldives islands) up-coning of freshwater-saline water interface is less likely to occur.
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However, over-exploitation of groundwater due to high population density in typical small 
islands together with insufficient rainfall recharge (especially during the dry seasons), cause 
depletion in Jfiesh groundwater quantity occurring in the lesser permeable zone and results in 
sea water encroachment in the coastal areas (Figure 2.5), as well as vertically upward 
movement of the saline water from the Pleistocene aquifer to the upper Holocene aquifer in 
coral islands. The sea water intrusion will cause permanent groundwater salinization issues 
for small islands if higher groundwater consumption rate continues with insufficient rainfall 
recharge, resulting from prolonged drought periods caused by global climate changes. 
Because the shrinking of fresh groundwater in the less permeable Holocene aquifer (due to 
over exploitation) means that the remaining pore spaces will be filled with sea water which 
can first, laterally migrate quickly into the highly permeable Pleistocene aquifer, and then 
later fill in the available pore spaces in the Holocene aquifer with vertically upward 
movement of saline water. The lesser permeability of Holocene aquifers means that once the 
sea water enters this aquifer, it is comparative difficult to ‘flush’ (eliminate/dilute) it out with 
rainfall recharge.
2.4.5 Remediation
Managing the groundwater abstraction pattern is the major measure for the protection of 
groundwater resources from salinization (Downing, 1998). This applies to both to coastal and 
inland areas where groundwater is exploited. For example, to prevent the up-coning effect of 
the freshwater-saline water interface due to groundwater pumping from a series of 90 
existing wells in the bank of River Yamuna located north of Delhi, India, Rao and Manju 
(2007) suggested the use of skimming wells spread out in space and time. Es sink (2001) 
suggested the following measures to control or prevent sea water intrusion in the coastal 
areas:
i. Deep well infiltration
ii. Land reclamation
iii. Saline groundwater extraction
iv. Artificial recharge
V. Modifying pumping rates, and,
vi. Physical barriers
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Introduction of groundwater salinity due to on-site sanitation practices can be avoided with 
carefully selected alternative sanitation practices. However contingencies for disaster events, 
such as tsunamis, are more difficult. Construction of protective sea walls along the coast to 
withstand tsunami waves and to prevent them inundating inland is an option that can be tried. 
Also converting open dug wells to tube wells can help to prevent direct inundation of the 
wells with tsunami brought sea water and causing groundwater to become saline.
2.5 Microbial quality of groundwater
Groundwater used for consumption should be both of good biological quality and chemical 
quality. “The most common and widespread health risk associated with drinking-water is 
microbial contamination, the consequences of which mean that its control must always he o f  
paramount importance'" (WHO, 2006). Faecal contamination of groundwater is the major 
problem related to the microbial quality of groundwater.
For verifying the microbial quality of drinking water, WHO drinking water guidelines 
recommend E.coli as the index for faecal pollution, which “provides conclusive evidence of 
recent faecal pollution and should not be present in drinking water” (WHO, 2008, p29). It 
further accepts that, “in practice, testing for thermotolerant (faecal) coliform bacteria can be 
an acceptable alternative in many circumstances” (WHO, 2008, p29).
2.5.1 Intensity of microbial contamination
The classical indicator concentration ranges in untreated raw sewage, according to Curtis 
(2003, p479) are presented in Table 2.1. In 1982, Lloyd reported the faecal coliform (FC) 
counts (Table 2.2) observed in different water sources used in Bangladesh. The FC counts 
presented in Table 2.2 are 4 logio less in pond water than in raw sewage (Table 2.1). This 
reduction in FC counts is due to dilution and die-off. The far lower counts (0-8/100ml) fi'om 
tubewells (Table 2.2) are due mainly to attenuation processes taking place in the soil layer 
and the vadoze zone. The deep Bengali alluvial silts forming the vadoze zone, above the 
groundwater tapped by the tube well, provides effective protection for the underground water. 
In addition the tube wells might have been constructed and maintained properly so that little 
direct contamination of groundwater took place. However, the water abstracted fi'om the tube
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wells has subsequently been contaminated because of the unsanitary conditions of the water 
holding pots in this case.
Table 2.1 Typical indicator values in untreated raw sewage.
Indicator
Concentration in typical 
wastewater (/100ml) Comments
References (reviewed 
by Curtis, 2003)
Faecal coliforms 10"-10' Gram-negative Oragui et al., 1987
Faecal enterococci 10"-10" Gram-positive Feachem et al., 1983
Clostridium 
perfringens spores 10"*-10" Gram-positive
Bifidobacteria 10' Oxygen sensitive
Source: cited in Curtis (2003, p479)
Table 2.2 Faecal coliform counts (100ml 44®C) for water used in a Bengali village (1980).
Weekly
sample
Ponds Tube wells
Water in pots in Homes (water 
drawn from tube wells)
1 2 1 2 3 4 1 2
1 2800 3000 0 0 0 2 8 4
2 3000 3000 0 0 0 6 9 10
3 8000 5000 0 0 0 4 8 2
4 4000 2000 0 0 0 0 7 10
5 5000 4000 0 0 0 0 5 17
6 6000 5000 - 0 - 8 13 5
7 - - - - - 2 - -
8 - - - - - - - -
Mean 4800 3600 0 0 0 3 8.3 8
Source: Lloyd (1982)
Groundwater is not always safe for consumption in terms of microbial quality as witnessed 
by Morgan (1990) in Zimbabwe. Data collected for faecal E.coli fïom  traditional wells and 
tube wells fitted with Blair pumps and bucket pumps in Epworth area, close to Harare are 
presented in Table 2.3. Data were collected from Epworth and analysed by the Blair research 
laboratory, Harare, using the multiple-tube/McConkey Broth technique. In this case the water 
in the traditional (open) wells was grossly polluted while the water obtained using bucket and 
hand pumps was of comparatively good bacterial quality. Morgan (1990) mentioned that 
most of the traditional wells were poorly maintained while the bucket pumps were installed 
within a two year period of the study. Hence poor sanitary conditions of the traditional wells 
and well head area, seem to be the cause for the high faecal contamination of the (traditional) 
well water observed.
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Gelinas et al. in 1996 observed very high faecal coliform counts (Table 2.4) from a well 
water survey conducted in two districts of Conakry (Republic of Guinea). The authors 
describe the high population density, primitive water distribution network, presence of 
autonomous sanitation systems with poor maintenance, absence of storm water drainage 
system, and in addition occurrence of heavy rainfall (which averages 3000 mm from June to 
October) conditions of the two districts, as consistent with the observed results.
2.5.2 Causes of microbial contamination
Both on-site and off-site sanitation systems in varying degrees contribute to the microbial 
contamination of groundwater. In addition, Godfrey et al. (2006) found that the prime source 
of microbial contamination of shallow groundwater sources in Lichinga, Mozambique was 
from animal faeces rather than from latrines or septic tanks. Agricultural applications of 
partly/fully treated sewage as fertilisers can also cause bacterial contamination of 
groundwater. In a study conducted by Dunlop and Wang (1960) 50% of the irrigation water 
samples carried Salmonella, Ascaris ova and Endamoeba coli cysts showing contamination of 
irrigation water with either raw sewage or primary-treated, chlorinated effluents. The major 
impacts on groundwater quality from sanitation systems are microbiological, nitrogen and 
phosphorus levels. Acute diarrhoea and other gastrointestinal diseases will occur if sufficient 
numbers of sewage originating pathogenic microorganisms enter the groundwater supply.
2.5.2.1 On-site sanitation systems
On-site sanitation systems collect, partially treat and dispose of the human wastes on-site. 
Since the wastes remain on-site and are not taken away from the local groundwater body, the 
risk of microbial contamination of the groundwater is ever present. An on-site sanitation 
system, whose impact is local in the groundwater body, can become a diffuse source of 
pollution when that system is widely practiced within a region.
In general practice the latrine pit of an on-site sanitation system is not completely lined or 
water tight to confine the excreta. Furthermore, the wastewater effluent from the pit is 
allowed to soak into the surrounding soil. When the loading of the soakaways overwhelm the 
attenuation capacity of the unsaturated zone the adjacent water resources are adversely 
affected by the effluent pollutants.
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Chapter 02 Surveillance o f open dug wells, a literature review
Hydraulic loading from the pit, type of soil surrounding the pit, depth to the water table from 
the bottom level of the pit, seasonal flooding events are the driving forces influencing the 
degree of pollution risk to the groundwater body from on-site sanitation systems. The 
subsurface contaminant load and the depth at which the contaminants are discharged are 
dependent mostly on the type of on-site sanitation system used (Foster and Hirata, 1988, 
p26). Areas with deep water tables are less affected by polluting discharges but attenuation 
also depends on the geology of the unsaturated vadose zone.
In the event of microbial contamination of groundwater, availability of pathways for the 
pathogens to reach the groundwater supply before them die-off is of concern. Taking into 
consideration the availability of pathways for migration and bacterial die-off rates, travel time 
(from the source to the groundwater supply) of the polluted water is used to define the risk of 
microbial contamination of groundwater (ARGOSS 2001, p35). The three levels of risk 
defined within the BGS ARGOSS guidelines, based on the separation distance between the 
pollution source and the groundwater body or the groundwater abstraction system (measured 
in units equivalent to pollutants travel time) risk, are (ARGOSS 2001, p35):
• Significant risk - less than 25 day travel time
• Low risk - between 25 and 50 day travel time
The time interval of 25-50 days does not provide a guarantee, but some confidence that 
the micro-organisms surviving after travelling through this time, are unlikely to cause 
major health risk
• Very low risk - greater than 50 day travel time
The time interval of 50 days provides further confidence that more persistent pathogens 
will be removed before entering the water supply and the groundwater quality will satisfy 
the WHO guidelines.
The travel time of pathogens is also used in defining Source Protection Areas (SPAs) or 
Source Protection Zones (SPZs) (known as Wellhead Protection in the USA). The SPAs 
accommodate the impact of pollutant migration due to pollutants originating from an 
upstream location which contaminate the groundwater body further downstream, and the 
potential pollutant attenuation during the time spent in the pathways. Current British practice 
is based upon three zones (Foster and Skinner, 1995):
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-  Zone I (Inner area for microbiological protection): mean 50-day saturated travel time, to 
provide travel time during which the attenuation of pathogens should occur
-  Zone II (Outer protection): arbitrarily, defined by the 400-day saturated zone travel-time. 
This zone is recognised to give additional time for slowly attenuating pollutants and to 
practice different levels land use controls
-  Zone III (Catchment area): the entire hydrologie catchment of the groundwater source.
Even though horizontal separation distance based on the travel time of micro-organisms are 
widely used in assessing the health risks attached to groundwater supplies and developing 
SPAs, the pathways through which contaminants from on-site sanitation systems can reach 
the well water can be variable:
o aquifer pathway - contaminant pathway through soil, unsaturated and saturated zones to 
the receptor using natural pore spaces, cracks and openings, 
o localised pathway - contaminant pathways formed due to the unsanitary conditions of the 
well and well head area, man-made pathways
Therefore developing SPAs purely based on aquifer pathways of pollutant migration may not 
necessarily give the expected improvement in groundwater quality. Interestingly, Swiss 
legislation incorporates the localised pathways of contamination in developing SPAs. The 
Zone 1 (SI zone) of the SPAs defined by the Swiss legislation is intended to prevent any 
damage to the water supply structure, and to prevent direct contamination of groundwater 
(Doerfliger, Jeannin and Zwahlen, 1999).
Due to the presence of localised pathways, maintaining a “safe” separation distance between 
the contaminant source and water supply will not necessarily offer the expected safety for the 
drinking water supplies. According to ARGOSS (2001, p70), horizontal separation distance is 
less reliable than vertical separation distance. It is argued in ARGOSS (2001, p70) that the 
presence of any thin highly permeable layer, which would not be considered in the macro 
analysis of the aquifer hydrogeology in an initial risk assessment, could serve as a 
preferential pathway and fail the level of protection expected from horizontal separation 
distance. It is further argued in ARGOSS (2001, p70) that in general vertical preferential 
pathways are less likely to occur, and the vertical separation distance can effectively attenuate 
the microbial contaminants. However the unsanitary conditions of the groundwater point 
sources and the working platform have been of significant concern in facilitating the direct
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ingress of contaminants into the groundwater body (Lewis et al., 1980, p8; Foster, Lawrence, 
and Morris, 1998; Foster, Ventura, and Hirata, 1987, piv; Howard et al., 2003; Cronin et al., 
2003; Cronin et al., 2006) and could outweigh the significance of vertical separation distance 
between the source and the groundwater table. Due to the above recognised uncertainties 
regarding the possible (multiple) pathways for contamination to occur Lloyd & Helmer 
(1991) attempted to list all possible pathways as hazards in their sanitary survey forms.
Lewis and Chilton (1984) studied the impact of sanitary completion of dug wells, by 
backfilling, on microbiological quality. Their observations (Table 2.5) on faecal coliform and 
faecal streptococci density and frequency in various water sources in Malawi during dry and 
wet weather conditions indicate that, in the wet season, dug wells particularly, are more 
susceptible to higher levels of contamination. They also demonstrated that the lined dug 
wells, which were presumably open to the atmosphere, were even more susceptible to 
contamination during the wet season. However, even a significant percentage (7%, 4% and 
2%) of the project boreholes were contaminated with, the more persistent, faecal 
stretptococci at unacceptable levels in the wet season.
Table 2.5 Faecal coliform and faecal streptococci density frequency in various water 
sources in Malawi, during dry and wet seasons.
Source type (no. tested)
Percentage of sources with FC /100ml in the range
0 1-10 11-20 21-50 51-100 101-200 201-500 >500
Dug wells backfilled (36) D 81 8 6 5 0 0 0 0
(34) W 50 29 6 9 0 3 0 3
Dug wells lined (32) D 63 37 0 0 0 0 0 0
(31) W 19 19 10 16 7 10 3 16
Project boreholes (94) D 87 9 2 1 1 0 0 0
(82) W 81 13 5 1 2 0 0 0
Old boreholes (25) D 64 16 4 4 4 0 0 8
(24) W 75 17 0 0 4 0 0 4
Unprotected wells (23) D 4 4 4 4 9 13 9 53
W - - - - - - - -
Rivers and streams (109) D 5 9 4 5 5 10 16 46
(15) W 0 20 0 13 7 7 13 40
Percentage of sources with FS / 10( ml in the range:
Dug wells backfilled (23) D 26 31 9 17 13 0 4 0
(32) W 22 31 6 19 0 13 9 0
Dug wells lined (32) D 16 19 13 31 3 9 9 0
(31) W 16 19 6 10 16 10 3 20
Project boreholes (24) D 71 21 0 8 0 0 0 0
(47) W 53 28 4 2 7 4 2 0
Source: Lewis and Chilton (1984), p 243
FC -  Faecal coliform; FS -  Faecal Streptococci; D -  Dry season; W -  Wet season
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The study by Sutton (1994) of different types of groundwater supplies in rural Zambia (over a 
period of four years) also implied (Figure 2.7) that groundwater from protected wells is much 
superior in microbiological quality than that of groundwater from traditional sources 
(shallow, wide scoop-holes in sand).
100
80 -
60 -
D)
40 -
20 -
11-50 51-100Zero 101-500 1500+1-10
Count/100 ml
Piped supply Handpump (borehole) EHI Protected well
Traditional source IB# Stream/canal
Source: Sutton (1994)
Figure 2.7: Water quality (faecal coliform) from different sources in rural Zambia.
Therefore on-site sanitation systems can be a major cause of microbial contamination of well 
water. Nevertheless, the sanitary conditions of the well and the well head area also affect the 
microbial quality of well water. However, when there exist additional aquifer pathway for 
contaminants to reach the point water source, the protection given by well improvement 
techniques may be unsuccessful.
2.5.3 Remediation
The source of faecal contamination of well water from on-site sanitation systems, and other 
sources, can be analysed using the source-pathway-receptor principle. Pathways are those 
which facilitate the microorganisms reaching the well water such as, pore spaces in sand 
formation, karsts in limestone formations, faecal matter transmitted through users’ hands and 
buckets. The receptor of microorganisms is the well water. Therefore the bacterial quality of 
the well water can be improved by;
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-  removing the source or minimising the rate of pollutants produced (ARGOSS 2001), or,
-  effectively containing the pathogenic microorganisms at their source, and/or,
-  minimising (ARGOSS 2001) or eliminating the localised pathways , and/or,
-  increasing the time spent in the pathways (ARGOSS 2001).
Considering the local geology of an area in preventing faecal contamination of groundwater, 
Dillon (1997) said that in coral limestone, and fractured rock (eg basalt) aquifers, short 
circuiting of flow via preferential flow paths may occur, and travel distances for attenuation 
to acceptable levels may be so long as to severely limit development. Therefore Dillon (1997) 
proposed that under these circumstances, which may commonly occur, the best form o f  
control is to minimize emission o f pathogens at their source, the on-site sewage treatment and 
disposal system. Also the pollutants spreading within the aquifers can be controlled as in the 
case of Gore and Campbell (1998). Gore and Campbell (1998) used groundwater abstraction 
systems to control the migration of pollutants (by controlling the groundwater flow in the 
immediate locality including the pollution source) during the surcharging periods.
2.5.3.1 Controlling pollutants at the source
The shallow coral formation existing in the Islands of the Maldives are not suitable to 
achieve the required attenuation o f microorganisms within a short distance. In addition, 
owing to the existing shallow groundwater body and short separation distance maintained 
between the source o f groundwater (dug well) and the on-site sanitation system (in the highly 
populated, very small, islands of the Maldives and the Sri Lanka study areas), achieving 
increased time for wastewater to travel from the source to the receptor is not possible. In this 
context, removal of source of contaminants can be achieved with the provision of off-site 
(sewerage) sanitation systems. However introduction of off-site sanitation systems, other than 
small-bore sewerage systems, to the study areas, involve issues such as disturbance or loss of 
shallow groundwater body and high capital and maintenance cost. Hence a water sealed 
septic tank system with either small-bore sewer lines (so that source of contaminants can be 
removed) or soakage facility (so that levels of contaminants that are produced can be 
reduced) is recommended as an appropriate sanitation system for the study areas (Barthiban 
and Lloyd, 2009). The septic tank system is only capable of providing preliminary treatment 
to the wastewater collected. This will help to reduce the pollutants at the source level. Also 
with the provision of water seal septic tank the contaminants will be contained properly
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within the septic tank, but fiirther treatment in e.g. a tile field filter bed is required before the 
tile field effluent is allowed to soak into the vadoze zone.
2.5.3.2 Minimising or eliminating the localised pathways
Different studies have used different sanitary conditions to minimise or eliminate the 
localised pathways which facilitate the direct ingress of the pollutants in to the well water. A 
more generalised form of prevention measures to protect groundwater point source from 
contamination is shown in Table 2.6. If a common tool for the prevention of pollution 
through groundwater point sources and contamination of groundwater from sanitation 
systems could be pioneered, it would save time and energy spent to identify and solve the 
problem associated with each unit.
In rural Zambia, Sutton (1994) observed that groundwater from protected wells was much
superior in microbiological quality to that of groundwater from traditional sources (shallow,
wide scoop-holes in sand). The protection measures given to dug wells (which rarely exceed
10 m in depth) were:
o well lining with concrete rings,
o wells mounted with a windlass and bucket on a chain,
o (most of the wells) provided with lid for access hole in the top slab,
o provision of protective surround at ground level,
o drainage channel, and,
o fencing (for few wells)
In the study by Lewis and Chilton (1984) in Malawi, the sanitary eompletion measures of dug 
wells which made protected well water quality superior to the traditional unprotected wells 
were:
o top slab covering the well cemented onto the brick or stone wall of the well, 
o cement lining to the well wall facing outside to prevent ingress of wastewater in to the 
well,
o water abstracted from the well was taken away from the well with 3 m extension pipe for 
collection by the consumers, 
o concrete apron built around the area used for water collection and washing clothes.
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o wastewater collected from this apron is taken a further 10 m away and down slope of the 
well by a brick and concrete drain, and, 
o backfilling some wells with excavated material to ground level.
However the measures taken to modernize the wells in Gelinas et al. (1996) did not show 
much improvement in the well water quality compared to that of the traditional wells (Table
2.4). Well water from both traditional and modernized wells was abstracted using a plastic 
container, or a rubber pouch, fitted with a rope. The traditional wells were modernised using 
the following measures:
i. Reconsolidating and lining the upper part of the well with concrete
ii. Providing metal cover and a pulley
iii. Constructing a wide concrete curb around the well
iv. Constructing an enclosure around the well
Therefore the sanitary conditions of open dug wells have to be systematically studied to 
understand the significance of each sanitary completion measure in efficiently improving the 
well water quality.
2.6 Water Safety Plan for well water quality management
The complex nature of groundwater aquifers and the limited accessibility available to reach 
the aquifer without disturbing the system causes difficulties for the recovery of the system 
once it is contaminated. The WHO Drinking Water Quality Guidelines (DWQG) Volume 3 
(1997) prefers the preventive management for safe drinking water rather than end product 
testing. This approach follows the footprints of Hazard Analysis and Critical Control Points 
(HACCP) methodology which was originally used for food safety in space programmes in 
the 1960s (WHO/OECD, 2003, p23). Therefore, the WHO (2008) Water Safety Plan (WSP) 
is developed based on the preventive management approach in which a comprehensive risk 
assessment is carried out at all levels, beginning with the catchment level through to the end 
user.
Remediation for the pollution threat to aquifer can be counselled and carried out based on the 
degree of risk associated with the pollution source. The groundwater pollution risk 
assessment is the preliminary step in the development of a Water Safety Plan with respect to
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microbial and salinization issues, for the open dug wells used in the study areas. The 
groundwater risk methodology is an assessment of both the presence of the potential hazards 
and the vulnerability of the groundwater system affected by the hazards (Foster, Ventura and 
Hirata, 1987, p ll) . The following subsections describe major groundwater contamination 
hazards and the commonly used aquifer vulnerability assessment technics. The limitations of 
these vulnerability assessment techniques, in terms of their applicability in the context of the 
study areas, are also discussed while alternative methods for well water contamination risk 
assessment is discussed in Section 2.7.
2.6.1 Hazards
In the case of groundwater, hazards can be described as the elements which have the potential 
to contaminate it. Groundwater salinization and microbial contamination from on-site 
sanitation practices are the major hazards threatening the aquifers in the study areas. The 
severity of the hazards needs to be ranked to carry out the risk assessment. In the case of 
groundwater salinization in the study areas, the hazards can be sub-divided into, a) up-coning 
of the freshwater -  saline water interface due to over abstraction, b) sea water intrusion, and,
c) tsunami impaet. The microbial contamination hazards can be broadly categorised into 
contamination occurring due to the pollutant migration through a) aquifer pathways, and, b) 
localised pathways. The ranking of the hazards will be specific to the conditions prevailing in 
the study areas.
2.6.2 Vulnerability to contamination
Vulnerability to contamination is the likelihood or frequency of the well water being 
contaminated. The hydro-geologists’ definition of aquifer vulnerability to pollution is: “the 
intrinsic characteristics of the strata separating the saturated aquifer from the land surface 
which determine its sensitivity to being adversely affected by a surface-applied contaminant 
load” (Foster et al., 1987).
The vulnerability of the groundwater in the study areas can be assessed using established 
vulnerability assessment methods such as GALDIT for sea water intrusion issues, and GOD 
and DRASTIC methods for the microbial contamination caused due to the migration of 
pollutants through aquifer pathways. In this case vulnerability of groundwater to
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contamination is analysed based on the hydro-geological set up of the aquifer. However, 
vulnerability of groundwater (in the wells) to microbial contamination involved with 
localised pathways cannot be assessed using hydrogeological vulnerability assessment 
methods. In this case, the published surveillance methodology (WHO, 1997) of water supply 
systems developed by Lloyd and Helmer (1991) can be used to analyse the health risks 
attached to an individual water supply system (Section 2.6) as a result of microbial 
contamination. This methodology involves a sanitary survey of the water supply system in 
conjunction with the microbial water quality assessment (44^0 thermo-tolerant FC counts) to 
assess and analyse the level of health risk attached to the individual system.
2.6.2.1 GOD method
The GOD methodology for the groundwater vulnerability assessment uses three parameters 
(Foster and Hirata, 1988, p63), namely;
Groundwater occurrence (such as confined or unconfined)
- Overall lithology of the aquiperm / aquitard (consolidation level and character)
Depth to groundwater table
The GOD method is relatively easily applicable since it requires very basic hydrogeological 
information of the aquifer for vulnerability assessment.
2.6.2.2 DRASTIC method
This method is the best known and routinely used technique in the assessment of groundwater 
aquifer vulnerability to pollution in the USA. The DRASTIC method uses seven 
hydrogeological variables presented below with the relative weightings given within the 
parentheses (Foster and Skinner, 1995);
- Depth to groundwater (x5),
- Natural Recharge rates (x4),
- Aquifer media (x3).
Soil media (x2),
- Topographic aspect (xl),
- Impact of vadoze zone (x5), and,
- Hydraulic conductivity (x3).
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However, the relative weightings for Soil media and Topographic aspect vary in the case 
when aquifer vulnerability assessment was carried out for diffuse agricultural pollution alone 
(Foster and Skinner, 1995). In the case of developing countries (such as the study areas), the 
availability of all of the above-mentioned required data and the reliability of those data are 
questionable due to the budgets required to obtain all necessary data.
2.6.2.3 GALDIT method
The GALDIT method was particularly developed to assess the groundwater aquifer (specific) 
vulnerability to sea water intrusion problem. Ferreira, et al. (2005) defines the groundwater 
vulnerability to sea water intrusion as “the sensitivity of groundwater quality to an imposed 
groundwater pumpage or sea level rise, or both, in the coastal belt, which is determined by 
the intrinsic characteristics of the aquifer”. The GALDIT methodology was developed based 
on the basic assumption that the aquifer base lies below the mean sea level ((Ferreira, et al., 
2005). The acronym GALDIT stands for the important aspects which control sea water 
intrusion, namely (Ferreira, et al., 2005):
Groundwater occurrence (aquifer type: unconfined/eonfined/leaky confined) (1)
Aquifer hydraulic conductivity (3)
Depth to groundwater Level above the sea (4)
Distance fi*om the shore (distance inland perpendicular fi*om shoreline) (4)
Impact of existing status of sea water intrusion in the area (1), and.
Thickness of the aquifer which is being mapped (2)
The relative weights of each factor are given within the parenthesis. In the case of a coastal 
aquifer in a developing country, which is not always supported with all the information and 
tools required to carry out a detailed analysis of the aquifer vulnerability to sea water 
intrusion, the usefulness of this method is questionable.
In view of the short descriptions presented above about three different potential vulnerability 
assessment methods, the major issue related to the applicability of these methods in the study 
areas in developing countries, is the availability of required data and its reliability. The risk 
assessment of groundwater supplies should be a continuous process rather than a one-off 
study carried out by an expert group, for the sustainability of the water supply system. 
Therefore the methodology used should be easily applicable yet robust to fit the needs and
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conditions prevailing in developing countries. Therefore the DRASTIC and GALDIT 
methods may not be a good solution for the vulnerability assessment needs present in the 
study areas.
In addition, the hydro-geologists’ vulnerability assessment methods assess the vulnerability 
of the aquifer as a whole and zones within it. In the case of the study areas, where all of the 
study well locations of individual study areas belong to the same aquifer, the relative risk 
attached to the location of individual groundwater supply (open dug wells) cannot be 
differentiated to prioritise remedial actions.
2.6.3 Source -  Pathway -  Receptor model for groundwater contamination analysis
The Source-Pathway-Receptor model is a useful tool to analyse the groundwater 
contamination issues and to assess the water related health risks. The ‘Source’ is the source of 
contamination. The well water (groundwater) is the receptor. The pathways can be aquifer or 
direct pathways. It is very important to identify the contaminant migration pathway in 
vulnerability assessment and subsequent health risk assessment of a water supply. Where 
localised pathways are dominant (as could be in very small islands due to very limited land 
area) in well water contamination, hydro-geologists’ aquifer vulnerability assessment 
methods become less important. Figures 2.8 and 2.9 present source-pathway-receptor 
models related to well water faecal contamination and salinization.
It is obviously very valuable to know the degree of vulnerability of the aquifer to the 
predominant well abstraction type, but beyond that it is more important to identify the key 
hazards causing pollution of each individual well. Therefore the published surveillance 
methodology (WHO, 1997) which systematically assesses the presence of observable hazards 
at the well and the wellhead area will be used to analyse the microbial contamination 
problems of individual wells in the study areas.
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Faecal contamination of well water
\  /
• Sewage
Source )
Pathways
Receptor
Aquifer pathways -  s ew a g e  origin m icroorganism s carried in th e  lech a te  leaking from  o n -site  sanitation  
system  reach es th e  grou n dw ater and th en  being carried to  th e  w ell w ater  w ith  grou n dw ater flow
Localized pathways -  s ew a g e  origin m icroorganism s d irectly reach es th e  w ell w ater e .g . sew a g e  
con tam in ated  w ater reach es th e  w ell w ater through cracks on th e  plinth, con tam in ated  surface w ater  flow ing  
into th e  w ell d u e  to  in ad eq u ate  p arapet wall, con tam in ated  bucket b ein g used  for w ell w ater  abstraction
Well water
Figure 2.8: Source -  Pathway -  Receptor model of faecal contamination of well water.
W e l l  w a t e r  s a l i n i z a t i o n  w i t h  t s u n a m i  b r o u g h t  s e a  w a t e r
A
Source
• Sea water
Pathways
Receptor
• Direct inundation o f w ell w ater w ith  sea  w ater
• Gradual infiltration of sea water b eing co llected  in surface d ep ression s
• Inland migration o f  highly en ergetic  sea  w ater along Canals and rivers mouths later recharging  
th e  local aquifer w ith sea  /  saline w ater
•  Inland m igration o f tsunam i induced tidal pressure WaveS causing p a r tia l/ com plete mixing of 
freshwater and saline water.
• The w ells  w hich are n o t originally inundated  w ith sea  w ater later b ecom ing  sa lin e w ater d u e to  m igration o f  
sa lin e groundw ater into th e  w ell d u e to  subsequent pumping of well W ater post tsunami
• Well water
Figure 2.9: Source -  Pathway -  Receptor model of well water salinization post tsunami.
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2.7 Surveillance of open dug wells
Water supply surveillance is defined as “the continuous and vigilant public health assessment 
and review of the safety and acceptability of drinking water supplies” (WHO, 1976, p ll) . It 
aims at protecting public health. Surveillance is a useful tool in water quality management 
and operational activities. A sufficiently planned and practised surveillance programme will 
help to manage the water resources efficiently and effectively. Surveillance of dug wells 
helps to assess the risks attached to each dug well and to carry out interventions to protect the 
groundwater source and thereby public health.
Previous research studies saw the proximity to on-site sanitation systems and unsanitary 
conditions of dug wells and the well head area as potential hazards causing microbiological 
contamination of well water. However to what extent each of the above-mentioned hazards 
poses risk to the well water quality is not apparent and a continuing research interest. The 
published surveillance methodology (WHO, 1997) of drinking water supplies together with 
the combined risk assessment of the sanitary survey and microbial water quality observations 
from the surveillance study is very useful in assessing the relative significance of individual 
hazard points in causing microbial contamination.
The flow chart in Figure 2.10 illustrates the systematic procedure of planning a surveillance 
programme developed by Lloyd and Helmer (1991). At the beginning it will be planned for a 
pilot study area. The area selected and inventories should include all possible criteria to be 
considered by the surveillance programme when it is practised for a whole region or an entire 
country. Time to time the surveillance programme will be updated and modified with the 
results and feed back obtained about the programme. Based on the surveillance output 
corrective actions will be recommended and implemented.
In accordance with available time and other resources, the project work in this thesis set out 
to conduct a systematic pilot scale surveillance study to identify potential hazards to 
microbial quality of shallow groundwater in dug wells. The published surveillance 
methodology for drinking water supplies (WHO, 1997) involves the systematic sanitary 
survey of the observable hazards present in the vicinity of the water supply system together 
with microbial water quality assessment using the 44^C thermo-tolerant FC indicator. The 
sanitary survey of point source groundwater supplies, proved efficient in identifying the
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current risks and future sustainability of the water supplies and to prioritize remedial actions 
for water quality improvement in Peru (Lloyd, et al. 1989), in Nicaragua (Wedgwood, 1989), 
in Indonesia (Lloyd and Suyati, 1989), in Thailand (Lloyd and Boonyakamkul, 1992), in 
Conakry, Republic of Guinea (Gelinas et al. 1996), in Mozambique and Kenya (Cronin et al. 
2003, Uganda (Howard et al. 2003), and Mozambique (Cronin et al. 2006).
2. Timetable - 
inspection visits
1. Area selection 
and inventories
3. Diagnostic sanitary 
surveys
6. Sources of pollution 
identified
3/4
bacteriological 
and chemical 
analysis
7. Results of diagnostic 
surveys consolidated 
and classified
4. Potential sources of 
pollution identified 
(sanitary risk scores)
5/6 special tracer 
studies used to 
confirm route of 
contamination
9. Routine 
monitoring 
programme 
established
8. Prioritized 
remedial action 
strategy 
formulated and 
implemented
10. Routine monitoring 
and risk assessment 
programme 
implemented
5. Confirmation that 
contamination is 
occurring (intensity of 
faecal pollution 
classified)
Source: Lloyd and Helmer (1991)
Figure 2.10: Flow chart of procedural steps required for establishing a surveillance 
programme.
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Since the surveillanee work in this project was carried out in areas of developing countries, a 
very simple yet effieient approach was required to ensure that it is suecessfully repeatable in 
the future under similar circumstanees. The procedures set out in Lloyd and Helmer (1991) 
and published in WHO (1997) for hazard assessment and protection are relatively simple and 
proved effective.
2.7.1 Sanitary survey forms
The sanitary survey forms used in this project work for shallow dug wells (adopted from 
Lloyd and Helmer, 1991; WHO, 1997) are presented in Appendix B. The form summarises 
observable sanitary hazards. These hazard points are consistent with the sanitary hazards 
encountered in previous research studies (section 2.5.2).
The two page report form of the sanitary survey is intended to serve several purposes (Lloyd 
and Suyati, 1989; Lloyd and Helmer, 1991);
• To identify all the potential (and aetual) sources of contamination to the supply
• To quantify the level of risk attributable to each facility
• To provide a graphical means of explaining the risks of eaeh facility to the users 
(hygiene education)
• To provide clear guidance to the user, and a reeord for the health centre supervisor, as 
to the remedial action which is required
Interestingly, Sutton (1994) carried out an experimental study comparing independent 
sanitary inspections with faecal coliform counts observations for 60 shallow lined wells, to 
see whether the sanitary inspection can be an alternative for assessment of faeeal 
contamination levels using faeeal coliform counts, because sampling and testing the samples 
for microbiological contamination using laboratory facilities are associated with high cost. 
With the study results Sutton (1994) concluded that “in most eases, sanitary inspection by 
qualified people at rural health centre level provided a sufficient level of information for 
monitoring purposes. Higher levels (involving laboratory back-up) might be required on a 
temporary basis,
>  Firstly to design and calibrate inspection forms relevant to a particular environment,
>  Secondly to train field offieers in sanitary inspeetion, and,
> Thirdly to provide additional information at times of cholera outbreak”.
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2.7.2 Sanitary Hazard Score (SHS) / Sanitary Inspection Risk score
Even though numerous studies using sanitary survey and FC counts in assessing the current 
risks attached to water supplies are carried out, so far, no universal methodology has been 
developed to weigh the relative significance of individual hazards whieh pose threat to the 
drinking water quality. Albeit not sufficient information is available to weigh and quantify 
the level of influence of identified hazards at the beginning of a surveillanee programme, it is 
logical that the greater the number of hazard factors the greater the possibility that the 
community will be subjected to poor water quality and continuity, and as a consequence the 
probability of water-related disease is increased (Lloyd and Helmer, 1991). Therefore, equal 
weighting was also given as a preliminary postulate to be tested, to the potential hazard 
factors in the survey form used in this project.
With equal weightings the summation of identified hazard points then gives rise to a 
‘Sanitary Hazard Score’ (SHS) / ‘Sanitary Risk Score’. Sanitary risk scores were introduced 
to identify and assess the impact of sanitary completion of different types of groundwater 
abstraetion. The sanitary inspection risk score is arbitrarily graded into different levels of 
relative risk, to prioritise remedial actions (Tables 2.7 and 2.8). According to Lloyd and 
Helmer (1991), zero sanitary inspection score means the groundwater point source is at no 
risk from local and operational courtyard hazards, whereas Lloyd and Boonyakamakul (1992) 
treat zero SHS as low risk in considering hand pumped tubewells.
The sanitary inspection form used in this study, lists all the observable sanitary hazard points 
that are attached principally to a particular dug well groundwater point source. A zero 
sanitary inspection score could indicate that there is no observable risk attached to the studied 
open dug well. The aim of the application of the combined sanitary risk analysis is to identify 
for every well, both the level of faecal contamination and the cause of it, and henee to protect 
the groundwater resource.
Table 2.7 Sanitary inspection risk score classification used by Lloyd and Helmer (1991).
Risk score Risk
0 No risk
1 -3 Low risk
4 - 6 Intermediate to high risk
7->10 Very high risk
Source: Lloyd and Helmer (1991, p i02)
40
Chapter 02 Surveillance o f open dug wells, a literature review
Table 2.8 Sanitary inspection risk score classification used by Lloyd and 
Boonyakamkul (1992) in Thailand.
Risk score Risk
0 - 2 Low risk
3 - 5 Intermediate risk
6 -8 High risk
9 -1 0 Very high risk
Source: Lloyd and Boonyakamkul (1992)
However, vulnerability of the point groundwater source is, also, dependent on the 
hydrogeology of the local aquifer from which the groundwater is tapped. If there exists 
preferential pathways, contaminated groundwater originating from remote locations, 
distances much greater than the required safe separation distance between a sanitation system 
and the groundwater point source, could easily reach the well water. For example in the case 
of the Sri Lanka Jaffria peninsula, the major groundwater aquifer is karstie limestone which is 
characterised by porosity values varying between 4.5% and 27% with a mean value of 15% 
(Balendran, Sirimanne and Ammugam, 1968, p5). If, because of zero sanitary risk score, no 
precautionary measures would be taken to protect the well water, even with zero sanitary 
hazard score the groundwater point source could be at risk from unseen remote hazards. 
Hence the author views the inclusion of zero sanitary hazard score within the Tow risk’ group 
as a more logical approach. Because of this the slightly modified Lloyd and Boonyakamkul’s 
(1992) sanitary inspeetion risk score classification scheme is used for the combined risk 
analysis. Therefore the following sanitary risk score classification is reasonable and was 
adopted for this study (Table 2.9).
Table 2.9 Sanitary inspection risk score classification.
Risk score Risk
0 - 2 Low risk
3 -5 Intermediate risk
6 -8 High risk
>9 Very high risk
Source: Adapted from Lloyd and Boonyakamkul (1992)
2.7.3 Thermotolerant faecal coliform grades
The 44^C thermotolerant faecal coliform (FC) bacteria {ISO, Geneva method; 9308- 
1:1990[E] Revised by ISO 9308-1:2000} have been used in many studies as the indicator of
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faecal contamination of groundwater. Different FC counts classification schemes were used 
in previous studies to group different levels of faecal contamination to differentiate the 
systems which comply with the WHO Drinking water Guideline value of zero FC counts / 
100ml of sample. For example, HMSO (1982, eited in Lloyd, 1982) used the following 
thermotolerant coliforms classification scheme for piped and chlorinated water supplies:
0 counts / 100ml - Excellent
1-3 counts / 100ml - Satisfactory
4-10 counts / 100ml - Doubtful
10 counts / 100ml - Unsatisfactory
In a study about the risk factors contributing to microbial contamination of shallow 
groundwater in Kampala, Uganda, Howard et al. (2003) used three water quality targets for 
thermotolerant coliforms; <1, <10 and <50 cfu/100 ml. The selection of these three values 
were justified as 0 cfu/lOOml as WHO Guidelines for Drinking water quality; 10 efu/100ml 
as the level suggested by WHO as an appropriate relaxation for small water supplies; and 50 
efu/100ml of thermotolerant coliform as the Ugandan national guideline for untreated 
supplies. Lloyd and Helmer (1991) used two different FC counts classification schemes in 
different WHO pilot study areas (Tables 2.10 and 2.11).
Table 2.10 Indonesian E.coli I faecal coliform classification scheme for groundwater 
supplies.
Grade Faecal coliform counts /100 ml Risk
A 0 No risk
B 1-10 Low risk
C 11 -100 Intermediate to high risk
D 101 -1000 Gross pollution; high risk
E > 1000 Gross pollution; very high risk
Source: Lloyd and Helmer (1991, p i00)
Table 2.11 Peruvian E,coli I faecal coliform classification scheme for treated piped 
water supplies.
Grade Faecal coliform counts / 100 ml Risk
A 0 WHO Guideline value; no risk
B 1-10 Low risk
C 11-50 Intermediate to high risk
D >50 Gross pollution; high risk
Source: Lloyd and Helmer (1991, plOl)
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All of the examples of classification schemes presented above start from zero coliform 
counts/100 ml, because, the WHO Guideline for Drinking Water Quality set zero eoliform 
eounts/100 ml as the health based guideline value. However, different groups of FC counts 
are used in the subsequent levels. It is because the range of FC counts observed varied with 
different eircumstances. Therefore the classification schemes differed according to the extent 
of thermo-tolerant coliform counts observed in each study area to ensure the efficacy of the 
classification system to truly express the relative levels of remedial action required in 
different projects scenarios.
Bearing in mind the vulnerability of aquifer systems, and the widespread usage of on-site 
sanitation in the study areas, high levels of well water faecal contamination were expected. 
Therefore it is wise to begin with the FC classification scheme used by Lloyd and Helmer 
(1991) in Indonesia (Table 2.10). However, zero thermo-tolerant FC observation may not 
necessarily mean zero risk (Tables 2.10 and 2.11), but low risk (ARGOSS 2001). Therefore 
the following thermo-tolerant FC classification (Table 2.12) scheme is used in this project.
Table 2.12 Thermo-tolerant faecal coliform classification scheme for open dug wells.
Grade Faecal coliform counts /100 ml Risk
A 0 Low risk
B 1-10 Low risk
C 11-100 Intermediate to high risk
D 101 -1000 Gross pollution; high risk
E > 1000 Gross pollution; very high risk
Source: Adopted from Lloyd and Helmer (1991, p i00)
2.7.4 Combined analysis
The sanitary hazard assessment is a means to identify existing risks, and potential 
groundwater risk before its occurrenee, whereas the FC counts indicate the level of microbial 
contamination of the water supply. The FC counts grades and the SHS can be compared for 
large number of faeilities in a study area to understand whether the observed sanitary hazards 
are broadly correlated with observed microbial contamination levels. Furthermore, the 
combined analysis of sanitary survey and water quality monitoring can be useful (Cronin et 
al., 2006) to:
i) Identify potential sources of faecal contamination
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ii) To assess the current health risks present in the water supply
iii) Let the stakeholders of the water supply system be conscious about the presenee of the 
observed sanitary hazards and its impact on water quality
iv) To identify and prioritise remedial interventions to improve the water quality
Works carried out by Lloyd, et al. (Peru, 1989), Wedgwood (Nicaragua, 1989), Gelinas et al. 
(Conakry, Republie of Guinea, 1996), Cronin et al. (Mozambique and Kenya, 2003), Howard 
et al. (Uganda, 2003), Cronin et al. (Mozambique, 2006), demonstrated the success of 
combining water source hazard assessment with water quality testing in the development of a 
safe water supply strategy.
Lloyd and Helmer (1991) developed a more self-explanatory way of analysing the 
relationship between FC Grade and the sanitary hazard score. They presented three graphs 
(Graphs 2.1, 2.2 and 2.3) with differing highlighted areas indicating likely relationships 
between the observed FC Grade and the sanitary hazard score in collections of water 
supplies. While the observation points falling within the highlighted area explicitly express 
the nature of theoretical relationship those satisfy, depending on the type of graph used, the 
observation points falling outside the highlighted region will have to be analysed further to 
understand their causes. For example observation points falling in the top left comer of the 
graph (outside the highlighted area) indicate that few  observed sanitary hazard points are the 
cause of high level faecal contamination of the water supply. Another possibility is that such 
results eould be observational errors by an inexperienced sanitary inspeetor. Where results 
oecur repeatedly in top left (EO ***) area this indicates that well head hazards are absent and 
that the aquifer is contaminated from more remote sourees. In a similar way, observation 
points falling out of the highlighted area on the right bottom region would be indicating that 
the observed hazard points are potential risks, but not actively contributing towards the faecal 
contamination of well water. Or again, they might be a result of hazard observation error.
Based on the SHS classification (Table 2.9) and FC counts classification (Table 2.12) 
schemes used in this study Graph 2.2 showing Lloyd and Helmer’s (1991) useful relationship 
between SHS and FC counts can be modified as shown in Graph 2.4. If the increasing 
number of the SHS is positively correlated with increasing level of faecal contamination, then 
the SHS and FC counts classes (Tables 2.19 and 2.12) can be used to develop zones (Graph
2.4) to prioritise remedial aetions (Table 2.13) to rehabilitate the contaminated water supply.
44
Chapter 02 Surveillance o f open dug wells, a literature review
E ***
D
C
B
A
0 1 2 3 4 5 6 7 8 9 10 11
Graph 2.1: Ideal theoretical relationship between the Sanitary hazard Score and the FC 
Grade after Lloyd and Helmer (1991).
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Graph 2.2: Useful relationship between the Sanitary hazard Score and the FC Grade 
after Lloyd and Helmer (1991).
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Graph 2.3: Not useful relationship between the Sanitary hazard Score and the FC 
Grade after Lloyd and Helmer (1991).
0 1 2 3 4 5 6 7 8 9 10 11
E
D
C
B
A
Low risk: Low 
action priority
Intermediate to high risk: Higher action 
priority
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Urgent action
Source: Adapted from Lloyd and Helmer (1991, p i09)
Graph 2.4: Combined risk analysis of sanitary inspection and faecal coliform 
contamination of unimproved open dug wells.
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Table 2.13 Combined risk analysis of sanitary inspection and faecal coliform 
contamination observations for prioritising remedial action.
Faecal grade + sanitary risk grade Action priority
A/B + Low risk Low priority
C + Intermediate to high risk Higher priority; as soon as resources permit
D/E + Very high risk Highest priority; most urgent action
Source: Adapted from Lloyd and Helmer (1991, p i04)
Surveillance studies carried out by Lloyd and Boonyakamkul (1992) in Thailand, and Lloyd 
and Suyati (1989) in Indonesia, have demonstrated the effectiveness of combined hazard 
assessment of point source of groundwater supplies based on sanitary risk score and faecal 
coliform grading in prioritizing activities for the protection of well supplies.
2.7.5 Sanitary Hazard Index (SHI) and Sanitary Hazard Rank (SHR)
The correlation between the SHS and the FC counts can be analysed in different ways 
including statistical methods. For example, the relative significance of each sanitary hazard 
on the impact of faecal contamination of well water can be assessed based on the relative 
(percentage) occurrence of the sanitary hazards with each faecal contamination level (Cronin 
et al., 2003) or using the contingency table analysis of the occurrence of each sanitary hazard 
with above and below a particular faecal contamination level (Howard et al., 2003). 
Statistical analyses may help to weight the relative importance of an identified sanitary 
hazard point. However it should be kept in mind that the relationship between sanitary hazard 
points and contributory factors to faecal contamination in groundwater is complex. Detailed 
investigations are essential for a clear understanding of the relative importance of each hazard 
point and the contributory factor over the level of bacterial contamination.
Whereas Graph 2.4 and Table 2.13 presents a practical empirical approach to selecting wells 
for remedial action and improvement, a more scientific analysis of sanitary inspection of 
hazards and faecal coliform data is outlined below. With respect to man made localised 
pathways of contamination, whereas Lloyd and Helmer (1991) summarised the frequency of 
the commonest hazard points in various point source groundwater supplies, Lloyd and 
Boonyakamkul (1992) went on to demonstrate the impact on bacteriological quality of 
removing well head hazards with a limited budget. Lloyd and Boonyakamkul (1992) also
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analysed the SHI to identify the statistical probability of maximising quality improvement by 
choosing the highest SHI for remedial action.
For each sanitary inspection question a SHI can be calculated for each study area. “The SHI 
is an association rating between the intensity of faecal coliform contamination and each 
sanitary hazard point revealed by inspection of a selected number of facilities” (Lloyd and 
Boonyakamkul, 1992). The Sanitary Hazard Rank (SHR) can be obtained by ranking each 
sanitary hazard point according to the associated level of faecal contamination, i.e. based on 
SHI. The SHI identifies the statistical probability that an individual hazard is more or less 
important. This SHI can be used in prioritising the remedial actions for the protection of 
groundwater at individual sites.
To define the SHI (Robens Institute, 1991, p6) the following data treatment is carried out:
a) Extract from database all records of one facility type
b) Convert all records for faecal coliform counts to logarithmic faecal coliform counts. 
To prevent problems with log 0, add 0.1 to every faecal coliform count prior to 
conversion
c) Calculate geometric mean of faecal coliform counts = x
d) Extract from records, for each sanitary hazard question, all records with a “y” (yes) 
and associated log faecal coliform counts
e) Calculate geometric mean of faecal coliform counts for each question = n
f) SHI for each hazard question = n - x
g) Place all hazard questions in rank order of their SHI
Figure 2.11 presents examples of the application of SHI in a surveillance study in Thailand 
by Lloyd and Boonyakamkul (1992). In Figure 2.11 the sanitary hazard points attached to 
tube wells are ranked according to the SHI values from most to least important. It is 
noteworthy that in both districts questions 1 & 2 concemed with proximity of the latrine to 
the well are ranked highest.
2.8 Conclusion
In addition to the most general microbial and salinization issues faced by any land locked or 
coastal areas, the well water contamination issues (primarily microbial contamination and
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salinization) faced in small islands are very specific, as discussed in sections 2.2 and 2.3. The 
risk assessment method outlined in the WHO WSP is an efficient approach to develop water 
safety plans for water supplies (Bartram et al., 2009), and hence useful in developing 
groundwater quality protection measures in the study areas with respect to microbial and 
saline water quality. The analysis of well water contamination issues using the source- 
pathway-receptor model is very useful in identifying the hazards and determining the modes 
(aquifer as opposed to localised pathways) of contamination of the receptor of interest (Sub 
section 2.6.3). Where localised pathways are dominant in well water contamination, the 
aquifer vulnerability assessment methods (Sub section 2.6.2) become less useful in assessing 
the health risks attached with water supplies. As discussed in this chapter (Section 2.7), the 
published surveillance methodology (WHO, 1997) using sanitary surveys and water quality 
monitoring is a simple and robust tool to assess the observable hazards present in the well and 
at the well head area, which is the first step in developing the WSP. Different studies in the 
past successfully carried out combined analysis using sanitary survey observations and FC 
counts as an effective tool to prioritise remedial actions for well water quality improvement. 
However, no standard method is established so far to weight the significance of each sanitary 
hazard which cause/facilitate the microbial contamination of well water. Therefore this study 
will focus on assessing the significance of the sanitary hazards.
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Chapter 03
Surveillance study areas, the Sri Lanka 
3.1 Introduction
Exploitation of groundwater using dug wells for domestie purposes is widely practiced in all 
parts of Sri Lanka (Cooray, 1984). This usage occurs alongside on-site sanitation systems 
which can result in microbial contamination of well water. Hence groundwater wells together 
with on-site sanitation practices may cause a significant health risk. In December 2004 there 
was concern that the South Asian tsunami could cause an additional health risk associated 
with water supply in the affected coastal areas. Therefore, in the first quarter of 2005 a team 
fi*om the city of Kalrsruhe commenced relief work and an investigation of well water quality 
at Galle, on the southern tip of Sri Lanka. This was followed by the well surveillance study 
reported here, which was carried out in Negombo and the neighbouring Divisional Secretariat 
(DS) divisions (hereafter referred to as Negombo region). The aim was to assess the post 
tsunami health risks (mainly related to microbial and salinity issues) associated with 
consumption of well water for day to day needs.
3.2 The study areas
The Sri Lanka study area was conducted in nine Divisional Secretariat (DS) divisions 
(Negombo, Katana, Divulupitiya, Minuwangoda, Dankotuwa, Wennappuwa, Nathandiya, 
Mahawewa and Udubaddawa) from three different districts (Puttalam, Kurunegala and 
Gambaha). The Negombo region is located on the southwest coast of Sri Lanka (Figure 3.1). 
Basic facts about the Negombo region are summarised in Table 3.1. The well surveillance 
study (especially dug wells, also tube wells with hand pump, and mechanical pumps) in the 
Negombo region was carried out during the period from October 2006 to May 2007, in Sri 
Lanka.
3.3 Hydrology
The two major climatic zones present in Sri Lanka are the wet (with >2000mm annual 
rainfall) and the dry (<1500mm annual rainfall) zones. The Negombo region lies close to the 
imaginary boundary line of the wet-dry climatic zone of Sri Lanka. The daily average
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temperature in the low-lying areas of Sri Lanka, which includes the Negombo region, is
i f c .
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N egom bods.shp  
G am p ah a.sh p  
U d u b a d d aw a d s.sh p  
K urunegala.shp  
PuttalaiTLshp 
N a ttandiyads-shp  
W e n n ap p u w a d s.sh p  
D anko tuw ads.shp  
M ahaw eraads.shp
80 Ki ometers
c o m a l e
Putalam D i^ ic t
runegala DistricB a t t i c a l l
District
70 Kilom eters
Figure 3.1: (Left) Map showing the location of the study areas on the map of Sri Lanka 
and relevant districts; (Right) Enlarged map of the study areas mapped together with 
the relevant district lines.
Table 3.1 Basic facts about the Sri Lanka study areas.
District DS* division Population Area (km^ )
Estimated 
Population 
density / 
(km^ )
Estimated no. of 
latrine / well 
density** (/km^ )
Gampaha Negombo 151,357 3&8 4914 1272
Katana 233,616 107.6 2171 531
Divulupitiya 134,335 2023 664 188
Minuwangoda 159,107 130.5 1219 351
Puttalam Dankotuwa 64434 7A6 864 206
Wennappuwa 76836 40.0 1921 436
Nathandiya 62589 733 852 220
Mahawewa 53014 726 720 184
Kurunegala Udubaddawa 51801 130.3 398 106
Source: www.Statistics.gov.lk
^Divisional Secretariat (DS) division; ** Based on the observation that, in general, all the 
houses own an on-site sanitation system and a domestic well (either open dug well or a tube 
well)
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3.4 Groundwater occurrence
The major types of groundwater aquifers identified in Sri Lanka (Figure 3.2) are 
(Pathmarajah, 2002; Panabokke & Perera, 2005; and, Villholth & Rajasooriyar, 2010):
1. Shallow karstic aquifers e.g. Miocene limestone, unconfined aquifer of the Jaffna 
peninsula
2. Deep confined aquifers e.g. deep confined sedimentary limestone aquifers of the 
Vanathavillu and Mulankavil area
3. Coastal sand aquifers e.g. shallow unconfined aquifers on the sandy regosols of the 
Kalpitiya peninsula and the easterly coastal belt
4. Alluvial aquifers occur on both inland and coastal flood plains, inland river valleys of 
altering size and old buried river beds
5. Shallow regolith aquifer of the hard rock region (found in the weathered rock zone 
(regolith) and in the deep fracture zone of the un-weathered hard rock)
6. South western laterite (Cabook) aquifer found in south-western parts of Sri Lanka
LEGEND
SMALL TANK 
CASCADE 
R EG IO N  O F 
NCR AND NW P
INTERMEDIATE 
ZO NE
DRY Z O N E
Shallow  karstic Aquifer
Shallow  Aquifers on  
C oastal S a n d s  
D eep  Confined Aquifer
Latente (C abook) Aquifer
Alluvium Aquifer
Regolith Aquifer 
of Hard M etamorphic 
Rock region with 
Sm all Tank C a sc a d e s
Study area
Source: Panabokke and Perera (2005, p4) 
Figure 3.2: Map showing the
approximate regions of the occurrence 
of major types of aquifers present in 
Sri Lanka.
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This doctoral research study is concentrating on the coastal sand aquifer, alluvium aquifer 
and the south-western laterite (Cabook) aquifers occurring in the southwest coastal areas of 
Sri Lanka, as shown in Figure 3.1. The coastal sand aquifers occurring in the Negombo 
region form a lens with a transition zone in which brackish water separates the floating 
freshwater from the underlying saline water. Rainwater infiltration is the major freshwater 
recharge of these coastal sand aquifers. The thickness of the coastal sand aquifers occurring 
in the study area ranges from 10 -  20 m (Jayasekera, 2007, pp36). The alluvial aquifers get 
major recharge from the linked rivers. In general, the alluvial aquifers occurring in Sri Lanka 
are exploited to varying levels without having major draw-down issues (Panabokke and 
Perera, 2005, p8). The laterite aquifers occurring in Sri Lanka usually support shallow 
aquifers which can be tapped by shallow dug and tube wells (Panabokke and Perera, 2005,
p8).
3.5 Groundwater exploitation
The Negombo DS division is administered by the municipal council which supplies (some 
urban areas) with piped water supply. However, great majority of the inhabitants of Negombo 
DS division also own open dug wells / tube wells for groundwater exploitation for daily 
water consumption needs other than drinking water. The other DS divisions in the Negombo 
region use open dug wells or tube wells to exploit the shallow groundwater resource for daily 
water needs, including drinking water. The depth to groundwater varies from about 2 m near 
the coast to about 3 to 4m inland. The dug wells are also constructed in agricultural lands, for 
dry season irrigation purposes.
According to Leelere et al. (2006) the wells built in the coastal area of Sri Lanka are, in 
general, 1 - 1.5m in diameter and 3 - 7m deep. However, larger diameter wells, which are 
normally dug in ‘Care Homes’ (for elderly or disabled people) were also seen in the 
Negombo region. The typical well design used in the Negombo region (based on the personal 
contact with inhabitants in that region) is presented in Figure 3.3. In some instances the 
masonry wall (retaining and preventing the earth from falling into the well) is replaced with 
concrete rings. Concrete rings are also used for parapet walls. At locations where the earth is 
very well compacted or rock is encountered neither masonry nor concrete rings are used 
inside the well.
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Concrete/masonry 
working platform wall
Concrete
footing
Masonry
wall X
X X
X X
Static 
water levelX X
X
X
Figure 3.3: Typical well design in the 
Negombo regionDry masonry wall
Figure 3.4 presents pietures of four wells studied in the Negombo region which highlight the 
structure and size of the open dug wells in the Negombo region. In addition to the open dug 
wells, tube wells which are either manually or operated with electric motor were also used in 
the Negombo region for groundwater exploitation, as shown in Figure 3.5.
3.6 Groundwater quality issues
This research study is focusing on two major water quality issues, groundwater salinization 
and faecal contamination.
3.6.1 Faecal contamination of groundwater
For cultural reasons waterborne sanitation facilities are preferred in Sri Lanka with water 
used for anal cleansing. Hence, the sanitation facility built in Sri Lanka has to accommodate 
high volumes of water use. The risk of groundwater contamination is significant where water 
home on-site sanitation system is used compared with dry on-site sanitation system, unless 
the dry on-site sanitation system is constructed directly into the aquifer. Leachate from wet 
on-site sanitation systems flows into the local aquifer and cause contamination. The issue of 
microbial contamination of groundwater from on-site sanitation soakage pits becomes a more 
critical issue where shallow groundwater table presents.
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Figure 3.4: Pictures of open dug wells studied in the Negombo region, showing the 
structural detail and size of the wells present in the Negombo region.
Figure 3.5: Pictures of four tube wells studied in the Negombo region. Indicates
electrically pumped example.
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Based on personal contacts with the inhabitants in the Negombo region it is understood that 
usually each and every household own a well and an on-site sanitation system. The on-site 
sanitation system can be either pour-flush latrines or cistem-flush toilets. The latrine pits 
connected to the toilets are open bottomed. The side walls of the toilet pits are made from 
block work with small openings left to facilitate the soakage o f liquid toilet waste into the 
surrounding earth.
Based on the statistics about housing units and land area of Negombo region the latrine 
densities were calculated in Table 3.1. According to the estimated latrine density data in 
Table 3.1, the minimum separation distance that could be maintained between two latrines or 
two wells, is approximately 57 m. Therefore a maximum distance which can be maintained 
between a well and a latrine is about 29 m. BGS ARGOSS guidelines claims that maintaining 
a safe separation distance equivalent to a 25-day groundwater travel time can avoid 
significant health risk attached to the water supply. Maintaining a separation distance 
equivalent to a greater than 50-day groundwater travel time will help to achieve very low risk 
attached to a groundwater point source, with greater confidence that the water will meet 
WHO guidelines for microbial water quality (ARGOSS, 2001, pp44). However, maintaining 
a separation distance to achieve greater than 50-day travel time is not possible in the context 
of the Negombo region hydro-geological conditions (Table 3.2).
Table 3.2 Summary of hydraulic conductivity values and 50-day groundwater travel 
distance of tbree different types of aquifers occurring in tbe Southwest coastal area of 
Sri Lanka.
Aquifer type
Hydraulic conductivity, K (m/day) Porosity (%) 50-day groundwater 
travel distance (m) 
(ARGOSS*, 2001, 
pp50)
Todd 6k
Mays
(2005)
Jayasekera 
(2007), Sri 
Lanka
Bbosale and 
Kumar
(undated), India
ARGOSS 
(2001, Table 
4.4, p54)
Alluvial
aquifer 65
10-20 (Silt, 
fine silty-sand) 162.5 ($=20)
shallow 
aquifers on 
coastal sands 45 49.5
20-30
(Medium
sand) 75 (K=45; $=30)
Laterite
(eabook)
aquifer 30 20-30 (Gravel) 50 ($=30)
scpaiauuii uiaicuiuc —  v c i u w i y  a  uiiic —  u u  uciyy,
m/d; i=hydraulic gradient, assume 1/100; ^=porosity.
v = Kil<f> (K=hydraulic eonductivity.
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Occurrence of shallow aquifers whieh are tapped by open dug wells / tube wells together with 
the practice of on-site sanitation systems whieh are located in close proximity to the wells, 
leave the well water quality at high risk of faecal contamination. Panabokke and Perera 
(2005, plO) reported that the laterite aquifers occurring in south western Sri Lanka are 
severely over exploited by industrial estates, urban housing schemes and bottled water 
projects in outer Colombo and adjaeent distriets (which include Gampaha distriet) and caused 
enhaneed nitrate levels in the groundwater. The elevated nitrate levels in groundwater can be 
partly eontributed from the sanitation facilities used by the urban housing schemes. No 
published data on the microbial quality of well water in the Negombo region were available 
for understanding the situation and later eomparison.
3.6.2 Groundwater salinization
Due to the géographie location of the Negombo region on the coastal belt of Sri Lanka and 
along the banks of River Maha Oya, which separates the Gampaha district from the Puttalam 
and Kurunegalle districts, the groundwater in the Negombo region is vulnerable to 
salinization issues. Sea water intrusion and salinization of groundwater from the river 
recharge can occur. According to Villholth and Rajasooriyar (2010), even though coastal 
sand aquifers in Sri Lanka are over exploited due to intensive human settlement, high value 
irrigation and a thriving tourist industry, no salt water issues were documented so far. 
However, Panabokke and Perera (2005, p i2) reported that while coastal sand aquifers in the 
Northeast part of Sri Lanka (Nilaveli type aquifer) are sufficiently recharged during the wet 
season to dilute any solute accumulation occurring during the dry season, the coastal sand 
aquifers occurring along the south and southwestern region of Sri Lanka would be severely 
affeeted (both quality and quantity) during exceptionally dry years.
3.6.3 December 2004 tsunami impact
When compared to the level of impaet experienced by the other regions, from northern to 
southern (elockwise) parts of Sri Lanka, the Deeember 2004 tsunami impaet on the 
infrastructure and disturbanee caused to water supply was not very significant on the west 
coast. More details about the December 2004 tsunami impact are diseussed in Chapter 06.
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3.7 Achieving United Nations Millennium Development Goal (MDG) related to Water 
and Sanitation, in Sri Lanka
According to the UNDP (2008/09, ppl02, 104) MDG country report for Sri Lanka, on 
average 85% of the households have access to an improved drinking water source, and 94% 
of the households have aecess to improved sanitation in 2006/2007. Therefore UNDP 
(2008/09) reported that Sri Lanka has aehieved the UN MDG targets for MDG Target 1C. 
According to the report on the ‘Selected MDG indieators’ by the Department of Census and 
Statisties/Sri Lanka (2005), in Sri Lanka, proportion of population with sustainable aeeess to: 
‘an improved water source’ was assessed based on “the percentage of households using 
any of the following types of water supply for drinking: piped water, tube well and 
protected well”.
‘an improved sanitation facility’ was assessed based on “the percentage of the 
households’ access to facilities that hygienically separate human excreta from human, 
animal and insect contact. This include water seal toilets and exelude pour flush (not 
water seal), pit and bucket type toilets”.
However the definition of proteeted well was not presented in this report. In the final report 
on Researeh on Sustainable Water management Policy by the Institute for Global 
Environmental Strategies (IGBS, 2007, p i20) it is mentioned that safe drinking water in Sri 
Lanka, in relation to UN MDG Target 7C, is defined as “having a source or water supply 
satisfying the Sri Lankan standards (Table 3.3) for drinking water”. For bacteria it is noted 
that this is 10 coliforms/lOOml for individual supplies. In addition, the IGES (2007, p i20) 
raised uncertainties about the genuine safety of this water, particularly in the community 
wells and individual groundwater extractions, due to poor monitoring. Therefore the need for 
a systematie surveillance of water supplies to assess the true status and safety of the drinking 
water beeomes vital for Sri Lanka.
3.8 Need for well surveillance programme in the Negombo region
As an area mainly dependent on wells for water eonsumption together with on-site sanitation 
practices, the Negombo region has a need for well surveillance and sanitation improvement 
programme for the protection of the groundwater resource. Large diameter wells, constructed 
basically with block work according to the local inhabitants’ design, have been the only 
means of groundwater abstraction until the recent introduction of small diameter tube wells.
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According to the information available to the author, there has been no systematie well 
surveillance programme in the Negombo region with the aim of groundwater proteetion. 
Therefore a pilot scale well surveillance programme was earned out in the Negombo region 
in order to systematically assess the Deeember 2004 post-tsunami health risks imposed on the 
drinking water souree (mainly well water) in the Negombo region. Altogether 101 domestic 
(open dug / tube) wells were selected for groundwater quality testing and surveyed for the 
sanitary hazard assessment. The observations made from the Negombo region dug well 
surveillanee study are summarised in Appendix B.
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Chapter 04
Surveillance study areas, the Maldives islands
4.1 Introduction
The Republic of the Maldives is a group of 1200 islets spread over approximately 868 km in 
the Indian Ocean. However, only 200 out of the 1200 Maldivian islands are officially 
classified as inhabited islands. The islands extend north from the equator between latitudes 0° 
41’ 48” S and f  06’ 30” N, and longitudes 72“ 32’ 30” E and 73° 45’ 54” E. The average 
elevation of the Maldives islands is 1.5m and maximum land height is 3m (MWSA/GWP, 
2005, pi).
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The Maldives Islands are grouped 
into 26 atolls for administrative 
purposes. An atoll is an island of 
coral that encircles a lagoon partially 
or completely. The total area of the 
Maldives islets is 298 km^. This 
implies that the individual islets are 
much smaller and hence classified as 
‘very small islands’ according to 
UNESCO (1991) classification 
scheme.
Figure 4.1: Map of the Maldives 
islands
4.2 Hydrology
Graph 4.1 presents a) the monthly average rainfall and sunshine, and b) the monthly average 
temperature experienced in the Maldives. Although the daily temperature varies between 
31^C, during the day time, and 23 during the night-time, throughout the year, the 
temperature varies little in the Maldives. The relative humidity, generally ranges between 75
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to 80% and the islands experience around 6 mm per day of open water evaporation, and high 
transpiration losses from plants (BRCS/MottMacDonald, 2007, EIA report, p3-2).
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Graph 4.1: Monthly average a) rainfall, sunshine and b) temperature in the Maldives.
The Maldives islands experience monsoonal climate with two distinctive seasons; wet 
(Southwest monsoon) and dry (Northeast monsoon during January to March). The torrential 
rain brought by the Southwest monsoon during mid-May to December showers the central, 
southern and northern parts of the Maldives islands with annual average rainfall of 1924.7 
mm, 2277.8 mm, and 1786.4 mm, respectively (www.meteorologv.gov.mv). That is, the 
southern Maldivian islands receive comparatively more rainfall (approximately 27.5% more 
than the amount of rainfall received by the northern region) and hence receive more 
groundwater recharge than those islands in the northern region. Based on the review of 
groundwater borehole monitoring (salinity and water depth) carried out in selected islands of 
similar width in the Northern (NDR) and Southern (SDR) development regions of the 
Maldives, Falkland (2003, p3) acknowledges that the thickness of the fresh groundwater in 
the islands from NDR tends to be less than that of the SDR, mainly due to the different 
amounts of rainfall received by these two regions.
The amount of groundwater recharge from rainfall varies, depending on the land use pattern 
(such as aquifer being covered with barren land or thick vegetated/woodland area). Trees 
directly intercept the rainfall and reduce the amount of rainwater available for groundwater 
recharge. Based on a study by Falkland & Brunei (1993), about the relationship between 
mean annual rainfall and recharge for small island states, Falkland (August 2001, p72) 
estimated that, in the Maldives, the amount of groundwater recharge from rainfall in well
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cleared areas would be as high as 35 -  40% of rainfall, and that in areas with thick vegetation 
would be in the order of 20 -  25% of the total rainfall.
4.3 Geology and Hydrogeology
With the exception of Falkland’s work few detailed studies have been conducted on the 
geology and hydrogeology of the study islands. Information from previous studies of the 
Maldives is summarized here. The Maldives islands (the whole atolls) are underlain by coral 
reefs [British Red Cross Society (BRCS), February 2007, p3-2]. Where there are agricultural 
and vegetated zones there are highly permeable, thin, topsoil layers, with high infiltration 
capacity, whereas the residential areas have almost no top soil (BRCS, February 2007, p3-2). 
Based on the borehole study carried out by Falkland (December 2000, p20) in Addu atoll 
(located in the SDR of the Maldives) and Falkland (August 2001, p28) in the Islands of NDR 
of the Maldives, he found that the top 10 m below ground level was mostly occupied by 
medium and coarse grained coral sand and loose coral rocks. At depths below 10m to 20m, 
limestone ‘coral rock’ or ‘hard coral rock’ was encountered (Figure 4.3). However Falkland 
(August 2001) acknowledged that this has to be investigated further for conclusive evidence. 
Falkland (December 2000, p22; August 2001, p31) assessed that the average permeability of 
a test zone of 3.0 to 4.0m depth from two different borehole permeability tests were 2.1 and
4.0 m/day.
4.4 Groundwater occurrence
The groundwater in the Maldives islands occurs in a basal formation where fresh 
groundwater floats on top of denser sea water. In principle the basal groundwater body 
should follow the Ghyben-Herzberg rule. That is every meter of freshwater above the mean 
sea level (msl) is balanced by 40 m of freshwater below mean sea level. However, in atoll 
islands the typical ratio between the freshwater occurring above mean sea level to that below 
msl is 1:20 (MWSAAVHO/GWP, 2006, p4). In small islands, the thickness of groundwater 
above msl may be as little as 0.1m to 0.5m and therefore the fresh groundwater thickness 
below msl can be 2-10 m (MWSAAVHO/GWP, 2006, p4). Falkland (August 2001, p66), in 
summarising the findings from groundwater investigations carried out in eleven Islands in the 
NDR of the Maldives, claimed that perched aquifers were not witnessed even though some 
reports in the past suggested their existence in the Maldives.
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Based on studies carried out in the Maldives islands, Falkland (September 2001, p33) 
expected that the model shown in Figure 4.2 reasonably represented the groundwater and 
geological conditions. The relatively low permeability coral sediment zone, has typical values 
of 5-10 m/day which may hold the fresh groundwater, whereas in the high permeability 
limestone with typical permeability values ranging from 50-1,000 m/day (Falkland, August 
2001, p28), the fresh groundwater mixes with the underlying seawater. A specific yield (or 
effective porosity) of 0.3 has been assumed for the Maldives groundwater aquifer in different 
studies (Falkland, December 2000, p76; Falkland, August 2001, p68 ; Falkland, September 
2001, p70).
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Figure 4.2: Cross section
through a small coral island 
showing main features of a 
freshwater lens (exaggerated 
vertical scale).
The extent of fresh groundwater occurring in very small islands is more specifically 
influenced by the width of the island rather than the island area (MEEW/WHO/GWP, 2008; 
Falkland, 2001). Falkland (2001, p3) claimed that if the island width is less than 200m, it is 
very unlikely that this it will have fresh groundwater (apart from after heavy rainfall period). 
Even in islands with a width of up to 300m fresh groundwater may not be present abundantly 
(MEEW/WHO/GWP, 2008, p38). However, there are also other factors (such as geology and 
hydrogeology, rainfall and recharge, population density, sea level movements, land 
reclamation, and frequency of sea water inundation) which influence the groundwater 
oecurrence in very small islands.
Falkland (August 2001) estimated the average residence times of fresh groundwater in his 
eleven study islands of the NDR as 0.3 to 4.4 years. The average time taken by water to move
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through the freshwater lens is known as the average residence time of freshwater lens. It is 
calculated by dividing the volume of the freshwater by the average recharge values to the 
freshwater lens.
4.5 Groundwater exploitation
A number of major water-borne disease outbreaks (typhoid, cholera and shigellosis) linked to 
polluted groundwater, were reported in the 1970s through to the 1990s in the Statistical Year 
Book o f the Maldives by the Maldives Ministry of Planning & Development (cited by Lloyd, 
1995). Since that time (Falkland, September 2001, p26) rainwater has been used as the 
primary source of drinking water. The GoM-UNlCEF (2000) estimations show that 75% of 
the Maldives population currently rely on rainwater tanks for drinking water and the figure 
would be 87% if desalination in Male’ island is not considered (Falkland, 2001, p26). Male’ 
island receives much of its drinking water from desalinated water. According to the water 
usage estimates from various sources (MWSA, 1999; Falkland, September 2001; MWSA,
2002), out of the 5 0 -  100 Ipcd of daily water use both from groundwater and rainwater, only 
5 - 1 0  Ipcd is from rainwater. Therefore groundwater is still widely exploited in the islands of 
the Maldives except Male’ Island.
Shallow open dug wells are used to abstract groundwater in the Maldives. Usage of tube 
wells for groundwater extraction was rarely witnessed in the study islands. Figure 4.3 shows 
the construction details of a typical well. As was witnessed during the field work, all shallow 
dug wells in the Maldives have a parapet wall and cement lining of the inner wall of the well 
down to, almost, the well bottom. A majority of the houses located their water closet (squat 
plate or lavatory) next to the shallow dug wells (Figure 4.4). However, the waste collected in 
the water closet is taken away (through pipe lines) to a latrine pit or septic tank which is 
located further away from the dug well. Due to the small size of the islands, and hence land 
restrictions, the toilet wastes can only be taken away from the well up to the house-plot 
boundary.
Traditionally the ‘Dhani’ (a plastic or, generally, metallic scoop attached to a long stick) has 
been used to abstract groundwater from shallow dug wells in the Maldives. However, now 
the trend is to use electric pressure pumps for groundwater abstraction in addition to manual 
water abstraction with ‘Dhani’. For example, 60-90% of the households surveyed in the Addu
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atoll reported the use of pumps for groundwater abstraction (MWSA/WHO/GWP, 2006, 
pl4). Figure 4.4 depicts the usage of electric motors and ‘Dhani’ in the Maldives islands for 
well water abstraction.
Figure 4.3: Picture showing the
common well construction technique 
practiced in the Maldives islands.
Figure 4.4: Pictures showing (Left) electric pressure pumps, and squat plate; (right) 
traditional well water abstraction means, ‘Dhani’ used in Maldives for well water 
abstraction and conventional lavatory.
As can be seen in Figure 4.4 one of the potential sanitary hazard observable in the Maldives 
islands is the relative location of the water closet to the open dug well. Even though the 
wastewater from the water closet flows away from the well through pipes, the open dug well 
is very susceptible to spillage from the water closet eontaminating the well water. In addition, 
if the conditions of the pipe line is not satisfactory (for example broken or leaking), once 
again the well is at very high risk of faecal contamination.
66
Chapter 04 Surveillance study areas, the Maldives Islands
As seen in Figure 4.4 the houses use either the ‘Dhani’ or electric pumps, or both, to abstract 
water from well. Electric pumps work on demand to fill the cistern of the water closet and 
sometimes also to connect to kitchens, too. When the ‘Dhani’ is not in use, it is left on the 
floor to rest (sometimes on the parapet wall). Leaving the ‘Dhani’ to rest on the floor is a 
potential hazard to bacterial quality of well water, since it can directly contaminate the well 
water. This issue is of more concern because of the common practice of building water closet 
next to the domestic well in the Maldives.
In the majority of homes domestic wells in the Maldives are constructed inside the bathroom. 
The bathroom floor is often tiled or cemented so that spilling wastewater from the adjacent 
water closet or sullage water cannot enter the well through the immediate surrounding area of 
the well. The problem with floor tiles is, even though it looked as if it is providing a water 
seal for the well head area, how efficiently it does so is questionable. The tile joints can leak, 
creating localised pathways for bacterial contaminants to reach the well water.
Since almost all domestic wells in the Maldives are built within the house, providing fencing 
for the well to prevent animals reaching the well head area is not an issue in. Furthermore, 
being a Muslim country and in such small islands, animals such as cats, dogs, cows and sheep 
are rarely kept as pets in or near the homes. Hence the necessity for a fence does not exist in 
the Maldives.
4.6 Sanitation practices
For cultural reasons waterborne sanitation facilities are preferred in the Maldives Islands, and 
(ground) water is used for anal cleansing. A summary of existing sanitation practices in the 
Maldives was reported in MWSA (September 2003) as follows:
“According to Beswick (2000a),
o 42% o f the rural island population use waterborne systems o f sanitation (including septic 
tanks and sewers),
o 31%) use a Gifîli (designated area within house plot fo r  defecation and subsequently 
covering with sand) and 
o 27%)practice Athirimati (defecation on the beach).
As Falkland (2001) reports, the waterborne systems used throughout the rural islands in 
Maldives (excluding Male ’ and resorts) can be divided into three types:
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o Septic tanks (of various designs) draining to on-site ‘soakwells ’
o ‘Settled sewage ’ (small-bore) systems draining the effluent from septic tanks to outfalls 
o ‘simplified sewerage ’ systems draining sewage directly to outfalls ”
Apart from the 33 islands (Beswick, 2000a cited in MWSA 2003) having some form of 
sewerage systems (7 of them designed and built by the Government of Maldives (GoM) and 
others are informal community-built), the area is rich with on-site sanitation systems. 
According to Falkland (September 2001, p i9) the current sewerage systems caused the 
following impacts on groundwater quality;
- Frequent blockages and possible leakages from the pipe caused faecal pollution and 
nutrient loading
- Flushing grey-water and black-water through sewerage system caused groundwater 
salinity to increase
- Sea water enters the sewerage system during high tide or storms. This sea water, when 
leaked through the sewerage pipes and joints, caused groundwater salinity to increase.
The on-site sanitation systems currently in use in the Maldives islands also cause faecal 
pollution and nutrient loading to the groundwater, due to leakage caused by poor construction 
(Falkland, September 2001, p i9). The Ministry of Home Affairs, Housing and Environment 
(2002, p l l )  reported that the recorded cases of diarrhoea during 1994 and 1995 increased in 
the atolls while the Male’ island saw an almost 78% reduction, and saw the disparities in 
sanitation practices as the main cause for the observed difference in the diarrhoeal cases.
Previous trials with composting toilets using ash latrines in the Maldives islands, failed to 
capture the public interest (Falkland, 2001). The community latrine system pioneered by 
MWSA to improve the sanitation situation on the islands was a total failure, because of the 
community’s non-acceptance of this type of sanitation facility (MWSA, 2002, 45). MWSA, 
jointly with UNICEF, carried out a pilot study on reed beds to treat the collected effluent at 
the end before discharge (MWSA/UNICEF, 2003). However, because misunderstandings 
arose about the pilot plant design, and other difficulties faced during the construction and 
taking the first set of observations, it was not possible (at the time of the MWSA report,
2003) to draw any firm conclusions regarding the effectiveness of reed beds for the treatment 
of septic tank effluent in the Maldives.
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Small-bore sewerage systems are seen as potentially a highly appropriate sanitation solution 
for the Maldives, provided the systems are designed appropriately (MWSA, 2002 & 2003). 
However, a number of objections were raised against the small-bore sewerage systems 
combined with septic tanks (MWSA, 2003) were:
• Wastewater discharge into the reef area (not into the deep sea)
• septic tanks (used to allow the solid wastes to settle) are large and take up valuable space
• people are not keen on having to empty the septic tanks at regular intervals
Also the liquid wastewater carried through the small-bore sewer lines need to be treated 
before disposal.
4.7 Groundwater quality issues
Faecal contamination and salinization of groundwater are critical and wide spread water 
quality issues currently faced by the Maldives islands.
4.7.1 Faecal contamination
Studies in the past reported (Table 4.1) widespread faecal contamination of well water 
observed in different islands belonged to different atolls in the Maldives. The majority of 
well water samples had FC counts greater than 100 cfu/100ml sample. Improper construction, 
operation and maintenance procedures of the sanitation and sewerage systems could be major 
factors related to the faecal contamination of groundwater. Inadequate sanitary completion of 
the groundwater point sources and lack of public awareness of this could also be reasons for 
bacterial contamination of well water.
Falkland (September 2001, p20) suggested that among all the potential factors, proximity to 
the sanitation systems is the major factor which caused the observed (many MWSA surveys; 
Coffey, 1999; OPUS, 1999; Falkland, 2000a and 2001) high proportion of wells to be 
faecally contaminated in the Addu, Haa Dhaalu and Haa Alifii atolls. Directing rainwater 
collected from the roof runoff into wells, not only diluted the bacterial counts and well water 
salinity, but also retarded the migration of the surrounding contaminated groundwater 
towards the well (Falkland, September 2001, p3).
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4.7.2 Salinization
Owing to the very small land area of individual Maldives islands, sea water intrusion can be a 
major issue of groundwater salinization in the Maldives islands. The current groundwater 
abstraction means practiced in the Maldives islands do not seem to cause groundwater 
salinization due to up-coning of freshwater -  saline water interface (Barthiban et al., 2011). 
Falkland’s (December 2004) well water EC observations in wells with pumps, support the 
above judgment. Falkland (December 2004) observed in Kaashidhoo island, that even with 
the usage of pumps for well water abstraction the EC values remained below 1500pS/cm, 
which is equivalent to the desirable limit of freshwater based on the WHO* guideline for 
chloride (250 mg/1) (Table 4.2).
Table 4.2 Typical salinity (EC) values for water.
Type of Water Typical EC range (pS/cm)
Rainwater 5 0 -1 0 0
Very fresh groundwater 250 -  500
Fresh groundwater 5 0 0 - 1,500
Desirable limit of freshwater based on WHO* guideline for 
chloride (250 mg/1)
1,500
Maximum limit of freshwater 2,500
Mildly brackish water 2,500-5,000
Very brackish water 10,000-50,000
Seawater 50,000-55,000
Source: Falkland (August 2001, p33)
* WHO = World health Organisation drinking water quality guidelines (1993)
However, the lens formation of the Maldives islands groundwater aquifers is particularly 
vulnerable to rising sea levels as a result of climate changes. Rise in sea level will cause 
reduction in available thickness of freshwater lens, which is floating on top of the salt water 
body. According to the Third Assessment Report estimates of the Intergovernmental Panel on 
Climate Change (IPCC) the Maldives Islands will experience a projected sea level rise from 
0.09m to 0.88m in the period 1990 to 2100 (The Ministry of Home Affairs, Housing and 
Environment, 2002, p30). With the average elevation of the islands being 1.5m 
(MWSA/GWP, 2005, pi), rise in sea levels, together with tidal variation, will cause more 
frequent inundation. This will lead to increased groundwater salinization.
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In addition, an increase in temperature can very easily damage the reef growth and reef 
ecosystem which serves as natural breakwaters for the Maldives Islands. Damage to the reef 
eeosystem will cause increased direct wave aetion on the Islands and will damage the 
freshwater aquifer systems of the Islands with sea water inundation and sea water intrusion. 
The predicted rise in temperature is 1.4^C to 5.8^C for the period of 1990 to 2100 (The 
Ministry of Home Affairs, Housing and Environment, 2002, p30).
Figure 4.5(left) presents a rough sketch of how the fresh groundwater lens in Male’ island 
was redueed in the period 1974 to 1995. This depletion was inversely proportional to the 
increase in population and demand for water. By 1995 the population density on Male had 
exeeeded 33,000/km^. Figure 4.5(right) demonstrates that there was almost no freshwater 
remaining in Male’ Island by 2001. This is a very good example to alert the people about the 
importance of eonserving the local groundwater bodies.
The major cause of groundwater salinization in the Maldives islands is obviously sea water 
intrusion. This was aggravated by the December 2004 tsunami. The well water FC values 
vary from island to island and within islands depending on the location of the well relative to 
the coast line. For example MWSAAVHO/GWP (2006, p i7) reported that the mean well 
water FC values in five islands in the Addu atoll where all the mean values were above 2400 
pS/em (Table 4.3). By contrast, a year before the tsunami event, Falkland (December 2004, 
p39, 42) reported that two islands in two different atolls (Table 4.4) showed that 82% and 
100% of the wells FC values lay below 2500pS/cm.
1500
MALE
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25001500
Source: (left) Floyd, B.J. (1995, personal contact); (right) Ibrahim, Bari and Miles (2002, p9)
Figure 4.5: (left) Sketch demonstrating the gradual depletion of the fresh groundwater 
lens in Male’ island; (right) groundwater electrical conductivity contours in Male’ 
island (January 2001) in the Maldives.
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Table 4.3 Household well survey groundwater salinity summary in the Addu atoll of the 
Maldives.
Island (Addu atoll)
Mean
{juSlcm)
Maximum
{ijS lcm )
Minimum
{jLiSlcm)
Wells > 2500
{/jS lcm )
Hithadhoo 2406 5950 1355 18%
Maradhoo 4145 10340 2080 75%
Maradhoo-F eydhoo 3227 5930 1481 43%
Feydhoo 2700 8130 993 35%
Gan island wells 4836 8210 3660 100%
Source: MWSAAVHO/GWP (2006, p i7)
Table 4.4 Summary of the well water Electrical Conductivity (EC) observations made in 
the Feridhoo and Kaashidoo islands during September 2004.
Island Atoll
Date
(September
2004)
No of 
samples
% of wells falling within the EC 
range in pS/cm
<500
500-
1,500
1500-
2500 >2500
Feridhoo Alifu Alifu
7'\ 8'^  and
9* 26 19 65 8 8
Kaashidhoo - set 
of wells #1
Kaafu
ist 14 21 79 0 0
Kaashidhoo - set 
of wells #2 3rd 18 16 78 6 0
Source data: Falk and (December 2004, p39, 42)
4.7.3 December 2004 tsunami impact
The Maldives islands saw severe devastation by the December 2004 South Asian tsunami. 
Tsunami inundation can be another cause for groundwater salinization of the Maldives 
aquifers. Further details about the post December 2004 tsunami groundwater quality are 
discussed in Chapter 06.
4.7.4 Water quality guidelines
The Maldives Water and Sanitation Authority (MWSA) served as the regulatory body for 
water and sanitation issues in the Maldives islands until December 2008. The Environmental 
Protection Agency (EPA) was formed on the 18^  ^of December as a legal regulatory entity by 
merging the Environmental Research Center and MWSA. The Maldives EPA is working 
under the supervision of a governing body within the Ministry of Environment, Energy and
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Water (MEEW) with expertise in environment protection, industry, environmental science, 
regional issues, environmental law and local government (www.epa.gov.mv).
The South African Water Sector (SAWS, 2006) drafted National Drinking Water Quality 
Guidelines for the Maldives islands. SAWS (2006, Volume 5), and also developed the 
reeommended guideline values for domestic wastewater disposal in deep sea and for surface 
recharge of groundwater (which will not be used for drinking purposes). However, those 
guidelines had not been officially approved for use until January 2009 when the field work 
came to an end in the Maldives islands. Since there were no country specific water guidelines 
available, the WHO guidelines were adhered to for regulatory purposes.
4.7.5 UN Millennium Development Goals and Disease burden due to water and 
sanitation
The latest (2010) country report updating the progress towards achieving the UN MDGs 
target 7 claimed that, based on the year 2006 statistics, overall, 83% of the Maldives 
populations have aeeess to improved drinking water source while 59% have aeeess to 
improved sanitation facility (Maldives ministry of finance and Treasury, 2010). A higher 
proportion of the urban population in the Maldives was privileged to have aeeess to improved 
drinking water (98%) and improved sanitation facility (100%), whereas the proportion of the 
rural population having access to improved drinking water source and improved sanitation 
were 76% and 42%, respectively (Maldives Ministry of Finance and Treasury, 2010).
The estimated environmental burden of disease (diarrhoea only) for seleeted risk factor 
(access to improved water source, 83% as reported in 2010; and improved sanitation, 59% as 
reported in 2010) was 6 DALYs/1000 capita/year (WHO, 2009). This estimate is 91% of the 
estimated Environmental burden of disease (preliminary), per year, which is 6.6 
DALYs/1000 capita/year. Therefore a major proportion of the ineidence of diarrhoea in the 
Maldives islands is attributable to the prevailing aeeess rates to improved water source and 
improved sanitation.
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4.8 Need for well surveillance study
Very small islands, owing to their size, have very limited opportunities for the development 
of freshwater resources. Surface water resources such as ponds or lakes rarely occur in these 
islands, while rivers are absent due to high permeable ground and / or rainwater surface 
runoff quickly reaches the sea. Inhabitants of these islands rely mainly on groundwater 
resources and rainwater harvesting, and a few on desalinated water, if affordable, for daily 
water consumption.
The percentage of rainwater tanks which are exhausted during the dry season in Addu atoll is 
54%, whilst it is 70% in the Northern development region (MWSAAVHO/GWP, 2006, pl2). 
Therefore, during dry periods, the inhabitants are compelled to use groundwater for all their 
water needs including drinking purposes. The groundwater used is mostly from mosque wells 
which tend to lie towards the middle of the island, and communal wells which are perceived 
to have good quality groundwater. The conductivity of 16 rainwater samples tested in Addu 
atoll (MWSA/WHO/GWP, 2006, pl3) was within the range 6 - 8 3  juS ! cm .
Global climatic change may be causing prolonged drought periods and intensive rainfall 
events causing flooding. With very limited land area not surface tanks but utilisation of the 
natural underground reservoir to store excess rainfall is a wise, feasible solution for the 
remote Maldives islands. Therefore, it becomes vital to protect the groundwater quality in 
these remote islands.
These groundwater bodies are highly vulnerable to pollution especially from sanitation 
practices and saline water intrusion. MWSA (2002, p47) reported that the relatively few 
agricultural and industrial activities do not impose major issues to the groundwater body, 
although petro-chemical pollution is an emerging issue.
The occurrence of aquifers and their vulnerability to contamination in individual Maldivian 
islands are similar. However, island sizes (and hence the extent of the fresh groundwater) and 
population density (and hence contamination loading) are different. Therefore, it is vital to 
carry out investigations for a number of distinct islands and their characteristics to assess the 
range of groundwater conservation measures which will be required. Thus, it is intended that 
the groundwater surveillance study should identify the measures required to protect and
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sustain aquifers in the Maldives. The WATS AN five year (2006 to 2010) activity plan for the 
MWSA (MWSAWHO/GWP, 2006) proposed three activity functions, namely;
a) Water resources assessment and monitoring,
b) Water supply and sanitation guidance and regulation development, and,
c) Water and wastewater quality compliance monitoring.
However, the author found no evidence of regular water quality monitoring being carried out 
in the Maldives (SAWS, completion report Vol. 03, 2006, page 8, MWSA/GWP Consultants, 
2005, page V). Therefore, it is hoped that, the dug well surveillance study carried out as part 
of this doctoral research study will be useful in highlighting, especially the faecal 
contamination of well water in the Maldives islands, and to start a groundwater monitoring 
programme based on the groundwater protection strategy recommended in this study report.
4.9 Study islands in the Maldives
Focusing on the impact from on-site sanitation system and sanitary completion of dug wells 
on groundwater bacterial quality, surveillance of dug wells in the selected islands of the 
Republic of Maldives was carried out with the kind support of the Maldives Water and 
Sanitation Authority (MWSA). This subsection presents a short description of each of the 
study islands. The observations made from dug well surveillance study in these islands are 
presented in Appendix D.
The study islands were selected by MWSA based on the history of well water quality issues 
and in accordance with the study area selection criteria used by the author. Seven islands 
from four different atolls, namely; Thaa (originally known as Atoll Kolhumadulhu is located 
approximately 200 km south of Male’ Island), Alif Dhaalu (also known as ‘South Ari’ atoll 
and is located about 109 km south west of Male’ island), Alif Alif (located on the west side 
of Male’ island at a distance of about 60 km) and Baa (located to the northwest of Male’ 
island at a distance of about 125km), were selected for the dug wells surveillance. Figure 4.6 
shows the study islands on the map of the Maldives emphasizing (shaded) lagoons enclosed 
by atolls. The selected islands are annotated with photographs. Some of the principal 
characteristics of the study islands are summarised in Table 4.5.
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Figure 4.6: The Study islands of the Republic of Maldives emphasizing (shaded) lagoons 
enclosed by atolls. The selected islands are annotated with photographs.
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4.9.1 Vilufushi island (in Thaa atoll)
Vilufushi island was one of the Maldivian islands severely devastated by the December 2004 
Tsunami. All the Vilufushi inhabitants were evacuated (medium term) to the nearby islands. 
During the field surveillance work period, this island’s physical infrastructure was under 
complete reconstruction. Only the construction work force and a few government officers 
(altogether around 425 people) were temporarily staying in the island.
Figure 4.7 (left) shows a map of Vilufushi island with the proposed land use plan after the 
reconstruction work. The island underwent a land reclamation process for the reconstruction 
work and the extent of the island before and after the reclamation process are 16ha and 61 ha, 
respectively. Figure 4.7(right) presents the Google Earth image of the original island before 
the tsunami devastation and land reclamation. The green belt found bordering the old 
Vilufushi Island (in Figure 4.7right) can be located in Figure 4.7(left), untouched during the 
reclamation and reconstruction processes.
1
Source: (left) British Red Cross Society; (right) Google Earth, 01.12.2009
Figure 4.7: Map of Vilufushi island after (left) and before (right) land reclamation.
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According to BRCS/MottMacDonald (2007, EIA report, p3-6) the groundwater chloride 
concentration (sampling location not reported) during year 2007 was very high (4878mg/l 
equivalent to 9597pS/cm of electrical conductivity). This indicates that during the year 2007 
the post-tsunami groundwater salinity has not been improved.
As a result of the tsunami devastation and later reclamation work, very few of the originally 
used, old, partly damaged shallow dug wells were found during the field visit. In addition, 
several dug wells later excavated by the workforce were present and included in the study. 
The old, originally used, sanitation systems and latrine pits had been damaged and buried 
under the newly reclaimed landscape. Only, the on-site sanitation systems located near the 
labourers’ residences were found during the field work. Therefore the very few surviving and 
newly built dug wells were used for groundwater sampling. Figure 4.8 shows the depopulated 
Vilufushi island during the reconstruction work in January 2008.
Figure 4.8: Depopulated Vilufushi island during the field work period.
4.9.2 Thimarafushi island (in Thaa atoll)
Figure 4.9 shows a map of Thimarafushi island. According to the Island Chief, Mr Ahmed 
Ali (personal communication on 11.01.2008), Thimarafushi inhabitants use rainwater for 
drinking purposes while groundwater is exploited for other water consumption needs. 
Currently pit latrines are used for sanitation and are periodically emptied and dumped in 
ditches dug by the seashore. There was no previous groundwater monitoring data reported 
about this island for comparison.
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Source: (left) Thimarafushi Island office; (right) Google Earth, 01.12.2009 
Figure 4.9: Map of Thimarafushi island.
4.9.3 Veymandoo island (in Thaa atoll)
Veymandoo island is the capital of the Thaa atoll. Figure 4.10 shows a map of Veymandoo 
island.
:  I # # %
Source: (left) Veymandoo Island office; (right) Google Earth, 01.12.2009 
Figure 4.10: Map of Veymandoo island.
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From personal contacts with the two island chiefs, Mr Adam Shariff and Mr Hussan Ziyad 
(14.01.2008), currently septic tanks and soakage pits are in use Veymandoo island. The 
latrine pits are emptied with suction pumps and disposed of to the sea. According to the 
Public Relations Officer (PRO), Mr Solih Dawood, of the Veymandoo hospital, if the 
hospital pits are full, and if it takes time to empty them, then the sewage will be disposed of 
to the sea shore as seen in Figure 4.11. The island chiefs further mentioned that the 
inhabitants are harvesting rainwater for drinking water and groundwater is being exploited for 
other water consumption needs.
Figure 4.11: An emergency outlet 
from the hospital latrine pit ending 
on the Veymandoo island shore.
According to the water quality survey carried out by MEEW (personal contact) during May 
2007, a majority (>50%) of the wells had EC counts more than 100 cfu/lOOml (Table 4.1). 
This well water quality study (MEEW, personal contact) further revealed that the EC values 
observed at all the study locations were below 1500 pS/cm, which is the desirable limit of 
freshwater EC based on WHO guideline for chloride (250 mg/1). These data obtained on the
12‘^  of May 2007 may reflect the limited impact of the tsunami on this island.
A separate well water quality study was conducted by MWSA in the Veymandoo island on 
the of March 2007 at 42 different locations covering both residential and cultivated areas 
(data obtained from personal contact). According to the water quality data, all the wells 
studied in the cultivated area, and 89% of the domestic wells had well water EC values lower 
than 1500 pS/cm. It should be noted that these data were collected 2 years and 3 months after 
the tsunami.
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Based on the water quality studies carried out by MWSA and MEEW it is understood that 
microbial contamination of well water is the major issue in this island contrasted with 
groundwater salinization. The elevated EC values observed in the cultivated land could be a 
result of up-coning of the fresh water -  saline water interface or sea water intrusion induced 
by over exploitation of well water for irrigation. However, in the absence of a map showing 
the relative locations of the wells sampled, no definite conclusion can be made. The lower 
levels of groundwater nitrate concentration observed together with high prevalence of above 
100 cfu/100ml EC counts could indicate that on-site sanitation system could be the cause of 
the poor microbial quality of well water observed in Veymandoo island.
4.9.4 Burunee island (in Thaa atoll)
The map of the Burunee island is presented in Figure 4.12. The plots marked on the left and 
right extremes on the map (obtained from the Burunee island office) are proposed dwelling 
units and were not built as at the end of this field work. Owing to the reconstruction work of 
the Vilufushi island, the natives of the Vilufushi island were temporarily relocated to the 
Burunee island increasing the population from 566 to 2018 in year 2007.
m
Source: (above) Burunee
Island Office; (below) Google 
Earth, 01.12.2009 
Figure 4.12: Map of
Burunee island.
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During a personal contact with the Burunee island chief, the chief claimed that even before 
the year 2004 Asian Tsunami the groundwater quality in the Burunee island was bad. 
However no groundwater quality records were maintained in the island office. This island 
does not have a piped sewerage system, but a small bore sewerage system was built for the 
IDPs (Internally Displaced Population from Vilufushi island) with the outlets left on the 
shore as shown in Figure 4.13. There was no record of the history of water related diseases in 
the island’s health centre.
Figure 4.13: Pictures showing small bore sewerage system outlets left on the shore in 
Burunee island.
4.9.5 Fenfushi island (in Alif Dhaalu atoll)
Figure 4.14 shows the map of the Fenfushi Island. The area on the left of the line marked on 
the map is an uninhabited area even though planned plots are also indicated on the map. 
Rainwater is most commonly used for drinking purposes in this island, except during 
February and March during which the rainwater tanks go empty because there is not enough 
rainfall. In those days the groundwater from the Fenfushi’s Oldest mosque well (built in 
1658) is used for drinking purposes. The general usage of groundwater in Fenfushi is for 
washing, bathing and cleaning.
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r
Source; (above)
Fenfushi Island office; 
(below) Google Earth, 
01.12.2009
Figure 4.14: Map of 
Fenfushi island.
4.9.6 Thoddoo island (in Alif Alif atoll)
Thoddoo island (Figure 4.15) is an agricultural island. Though there are no reliable records 
available, a lot of pesticides are known to be used for agriculture in this island. Also it has 
been noted that farmers add pesticides into the well and then directly pump the water to the 
fields.
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Source: (left) Thoddoo Island office; (right) Google Earth 
Figure 4.15: Map of Thoddoo island.
4.9.7 Daravandhoo island (in Baa atoll)
Figure 4.16 presents the map of Daravandhoo island. The area on the left of the line marked 
on the map is uninhabited area even though planned plots are also indicated on the map.
■ !
{
»
Source: (above)
Daravandhoo Island 
office; (below)
Google Earth 
Figure 4.16: Map 
of Daravandhoo 
island.
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5.1 Introduction
The occurrence of groundwater aquifers, and their vulnerability to contamination in each 
study area, was discussed in previous chapters. The aquifers in the study areas are particularly 
vulnerable mainly due to:
o sea water intrusion because the areas are surrounded or bordered by lagoon or sea or 
ocean
o inappropriate sanitation practices and poor sanitary completion of point groundwater 
supplies
o being partially or completely inundated by the December 2004 tsunami sea water, and, 
o in the case of the Maldives islands, limited land extent and hence limited extent of the 
groundwater body
Hence this doctoral study was planned to carry out a pilot scale well surveillance study to 
assess the post tsunami health risks and future sustainability (in terms of the microbial and 
salinity) of the wells in the study areas.
5.2 Hazard, Vulnerability and Risk assessment
The faecal contamination of well water was analysed using the source-pathway-receptor 
principle, where source, was the on-site sanitation system; pathways, was both aquifer as well 
as localised pathways of pollutant transport (assessed using sanitary survey of the well and 
the well head area); and, receptor, which is the well (well water).
The components of the investigation element of surveillance of drinking water supplies, 
applied in this project, were as follows.
Hazard assessment
The main hazard source in this scenario is the microbial contamination from on-site 
sanitation systems, together with animal faeces as well as garbage dumped in the vicinity of 
the well. The sanitary survey forms helped to identify the presence of these hazards around 
the well.
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Vulnerability assessment
The vulnerability of an aquifer is concerned with the ease with which the aquifer pathways 
are followed by pollutants, and has been defined as the intrinsic characteristics of the strata 
which separate the groundwater body from the surface applied contaminant load. The most 
relevant vulnerability assessment techniques are discussed in section 2.6.2 of Chapter 2.
A general illustration of the application of GOD method which is applicable to both study 
areas is as follows:
• Groundwater: Unconfined aquifer 1.0
• Overall lithology: karstic limestone and overlying coral sands 0.8-0.9
• Depth to groundwater: <2m 1.0
These three factors contribute to an output vulnerability index of at least 0.8, which is almost 
the worst case i.e, very high vulnerability. Therefore the application of the simple and 
straightforward GOD method indicates that the aquifers in both study areas are highly 
vulnerable to surface applied contamination.
The fact that the pollutants in the context of on-site sanitation systems use are released sub 
surface closer to the groundwater table, together with the occurrence of very vulnerable 
hydrogeological conditions makes the aquifer more vulnerable to microbial contamination 
from on-site sanitation systems. Whereas localized pathways are concerned, the identification 
of the presence of localized pathways is the vulnerability assessment, which is carried out 
with the help of the sanitary survey forms.
Risk assessment
Risk is the probability of getting badly affected by the hazards due to the vulnerability of the 
aquifer. In this research study, the combined analysis of the sanitary survey observations (i.e. 
identified presence of hazards) and faecal contamination observations was used to assess the 
relative health risks attached to the open dug wells in the study areas.
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5.3 The well surveillance study
The main criteria used in the selection of the surveillance study areas was exploitation of 
groundwater mainly using shallow dug wells, usage of on-site sanitation system and the 
December 2004 tsunami impact. A history of groundwater quality issues was the explicit 
criterion. Interestingly, even though accessibility to the focus area and local support were not 
regarded as main selection criteria, in reality, those issues played a momentous role in the 
final choice of the study areas.
Since water quality problems were witnessed in the Jaffiia peninsula of Sri Lanka, and part of 
its groundwater aquifer had been affected by December 2004 tsunami waves, Jaffiia 
peninsula was the first choice for this doctoral study. However, the prevailing civil unrest 
postponed and ultimately prevented field work from being carried out in the Jaffna peninsula 
during the funded period of this study. Hence, having identified similar problems faced by 
Jaffna peninsula, the Negombo region (Sri Lanka) and selected islands of the Republic of 
Maldives were selected for the surveillance study.
The surveillance study in the Negombo region of Sri Lanka was carried out during the period 
from January to May 2007 with the generous logistical support extended by Mr Charles 
Gomez. A preliminary surveillance study comprised of sanitary surveys and water quality 
assessments of groundwater abstraction points, mainly shallow dug wells. Although a follow 
up survey was planned for this study area, due to the fierce opposition raised by the local 
public against the field work, to assure the personal security of the author, it was not carried 
out.
Then, with the kind support of the Maldives Water and Sanitation Authority (MWSA), the 
surveillance study location was moved to the Maldives Islands. The study islands were 
identified by the Director of MWSA based on the history of well water quality issues and in 
accordance with the study area selection criteria used by the author. The surveillance study in 
the Maldives islands was carried out during the period fi*om November 2007 to January 2009.
Within the field work period in the Maldives islands, following the first well surveillance 
study, another round of well surveillance was carried out at selected islands (Thimarafushi, 
Veymandoo, Burunee and Daravandhoo) of the Maldives islands. The second round was
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carried out four months later in the Thimarafushi, Veymandoo and Burunee islands, and after 
two months in the Daravandhoo island. The duration between the preliminary and follow up 
surveys was very much dependent on the logistics to arrange the field work, even though the 
author wanted to study the impact of weather (dry and wet) changes. The second survey in 
the Maldives study islands was carried out to:
• Assess the reproducibility of the methodology and data
• Attempt to determine whether any change had occurred in quality characteristics
Inclusive of the period spent in delays in organising the surveillance study, the total duration 
of the surveillance field work extended over a period of 27 months, from October 2006 to 
January 2009. The detailed field work diary is presented in Appendix A.
1. Author
Field visits during the Negombo surveillance study were carried out with the help of a three- 
wheeler hired for this project. The team members who worked during the Negombo study 
were:
Recording the YSI observations
In situ bacterial sample preparation for DelAgua field test kit 
and counting the bacteria 
Sanitary survey
the sanitary survey observations assistant 
three-wheeler driver 
Setting up the YSI water quality logger
2. Ishanga Soza
3. Mervin
A field officer from MWSA, Mr Luayyu Adam, accompanied the author during all the field 
works in the Maldives Islands. Figure 5.1 shows the field work team in both study areas. 
Speed boats, Dhooni and Maldives inter-island aviation flights were used for the 
transportation between the Maldives islands. Within the islands the field work team moved 
by foot (owing to the very small land area).
The well surveillance study was mainly funded by the research grant obtained from the 
Mayor of Karlsruhe through the Stadwerke Karlsruhe, Germany. However, the in-kind 
financial support received from MWSA covered the significant amount of field work 
expenditure including travelling, accommodation and other logistics.
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4
Figure 5.1: Field work team in the (left) Negombo study area and (right) the Maldives 
islands.
5.4 Sampling protocol
The core objective of the research grant of this project to study the post-tsunami and further 
health risks imposed on groundwater systems in some o f the affected areas was achieved 
through a systematic well water surveillance study in tsunami affected areas, with the overall 
objective of the identification o f the medium to long term measures required for the 
conseiwation o f the groundwater quality in the study areas with respect to salinization and 
faecal contamination. The sampling protocol of this project was developed to facilitate the 
achievement of these project objectives.
The well surveillance study was comprised of sanitary survey of the wells and the well head 
areas using the published (WHO, 1997) sanitary survey forms and assessing the well water 
quality (mainly 44^C thermo-tolerant faecal coliform counts. Electrical conductivity and 
temperature) at the time of the sanitary survey.
5.4.1 Sanitary survey
Using the published (WHO, 1997) sanitary survey form (Appendix A) visible hazards present 
in the well and the wellhead area were recorded by the author. Three islands studied in the 
Thaa atoll (Thimarafushi, Veymandoo and Burunee) were revisited with a 4 months period 
for a second survey of the wells already studied during the first visit during January 2008. By 
comparing both batches of sanitary surveys results, the operator bias is identified. Therefore 
the first set of sanitary survey observations obtained from the first survey carried out during
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January 2008 was dropped without further analysis. The understanding gained from the 
repeated sanitary surveys in these islands helped to take care of the potential impact of 
operator bias in the sanitary surveys in the rest of the islands.
5.4.2 Well water quality
The well water quality was tested mainly against the 44^C thermo-tolerant faecal coliform 
(FC) counts (cfu/100ml), Electrical Conductivity (EC, measure of salinity) 
{pS ! cm or m S / cm ), and Temperature (°C).
The FC counts were assessed in situ by the author using Delagua field test kit (Figure 5.2 
right) using ISO membrane filtration technique (ISO, 9308-1:1990) with Oxoid’s Lactose 
Sodium Lauryl Sulphate Broth and sterile Millipore membrane filters.
D e lA s u a
Figure 5.2: (Left) The YSI water quality logger (laid on the floor); (Right) Delagua field 
test kit.
The well water samples were collected either using the sampling cup provided in the Delagua 
field test kit or the well water abstraction means used by the households. The sampling cup 
was sterilised using burning sprit soon after every use. After each batch of microbial 
enumerations, the Petri dishes together with the absorbent pads and membranes were boiled 
in water using a steel saucepan and a burner specifically used for this purpose. After boiling 
for about 15 minutes the used membranes and the absorbent pads were thrown away. The
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petri dishes were once again boiled in clean water and oven dried before returning them to the 
Delagua kit for the next use. Control tests were also carried out during the field work to 
assess the reliability of the FC counts produced (Section 5.3.2.2). One set of equipment 
blanks were tested using mineral water for every batch of sampling in each island.
The DelAgua field test kit also provides the means to measure the free residual chlorine in the 
well water samples collected for FC counts. Disinfected water supplies should carry free 
residual chlorine ranging between 0.2 to 1 mg/1 (WHO, 2008, p i08). However, none of the 
groundwater sources studied in this project was chlorinated.
The Yellow Spring Instruments (YSI) series No.6 water quality logger (Figure 5.2 left) and 
Horiba hand held logger were used to assess the physico-chemical parameters. The Solinst 
TLC (Temperature, Level and Conductivity) dipper (Figure 5.3) was used to measure the EC 
depth profile in wells in the Maldives islands.
15:52
Figure 5.3: Solinst TLC 
dipper used in this 
research project.
When using instruments to make in situ observations care was taken not to introduce 
contaminants into the water with the instruments used. During this project three pieces of 
equipment, YSI water quality logger, Horiba hand held logger and TLC dipper, were used to 
take in situ observations by submerging the sensors into the well water. The following 
precautions were made to ensure that the instruments did not introduce faecal contamination 
to the well water.
93
Chapter 05 Project methodology
Sensors, or the sonde, were washed thoroughly, either with distilled water or with the
well water to be tested, before being submerged into the well water
The cables or the tape measures attached to the sensors / sonde were not allowed to touch
the ground or any other contaminated surfaces. After washing the sensors those were
directly released into the well
soon after taking the observations,
o YSI water quality logger sensors were covered with the sampling cup (provided with 
the logger) and kept securely in the instrument bag (Figure 5.4) 
o Horiba instrument sensor and the cable were secured in the instrument bag (Figure 
5.5)
o The tape measure attached to the TLC dipper sensor was wound onto the instrument 
(Figure 5.6). The TLC dipper sensor was inserted into the holder available with the 
instrument and locked
Figure 5.4: Picture
showing the YSI water 
quality logger partly 
packed in the instrument 
bag soon after the 
sampling session.
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Horiba instrument 
case
Figure 5.5: Picture showing the Horiba instrument being packed in the instrument bag 
soon after the sampling session.
:
Figure 5.6: (left) Picture showing how the TLC dipper is handled while taking 
measurements without unnecessarily contaminating the well water; (right) Picture 
showing the TLC dipper measuring tape wound onto the instrument wheel and sensor 
secured into the holder and locked.
While carrying out my surveys, data on well water salinity levels post-tsunami 2004 were 
also sought from different sources of information. As a result, data on well water specific 
conductance observations obtained from the southern coastal area of Sri Lanka post-tsunami
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2004 were obtained from Jutta Eggers (Collected by Jutta Eggers and her colleagues, 
personal communication). However, the author of this thesis mapped the well locations 
(based on the GPS coordinates) on the Sri Lanka map using GoogleEarth software and 
analysed the data (provided by Jutta Eggers) to study the recovery of well water salinity 
levels post-tsunami.
5.4.2.1 Thermo-tolerant faecal coliform counts
The 44^C thermotolerant faecal coliform (FC) bacteria count was used as the indicator of 
faecal contamination of well water throughout this study. Owing to the absence of laboratory 
facilities, confirmation tests for E.coli were not carried out during the field work. However, 
extensive agricultural activities are rare in the Maldives islands. Population density and hence 
density of on-site sanitation units are high. The Negombo study area also covered mostly 
residential areas with few houses found in the middle of coconut estates. Therefore in both of 
these study areas, where human faecal contamination of well water is likely and more 
predominant than organic enrichment from industrial effluent, or plant decay, from which 
thermotolerant coliforms (other than E.coli) can originate. Therefore, even though it was not 
confirmed with further tests for E.coli, the presence of thermotolerant coliforms in well water 
is highly indicative of faecal contamination of well water.
Howard et al.’s (2003) and Lloyd’s (2010, personal contact) findings in tropical areas support 
this assumption. During a study carried out in Uganda where faecal pollution was likely, 
confirmation tests suggested that 99% of the shallow groundwater thermo-tolerant faecal 
coliforms were E.coli (Howard et al., 2003, p 3422). In addition, work carried out by Lloyd 
(2010) in the tropics showed that:
98.3% of the thermo-tolerant coliforms observed in Thailand river water samples were of 
faecal origin; and,
- 95% of the thermo-tolerant coliforms observed in samples collected from a facultative
waste stabilisation pond in tropical Colombia were of faecal origin
In order to minimize the die-off of the microbial content water samples need to be stored at 
4^C and processed within six hours, and absolutely with a maximum period of 24 hours 
(WHO, 1997; ARGOSS 2001, p66 ; Payment et al., 2003, p49). However, the water samples 
(in this project) were mostly processed immediatelv in situ. In a few cases when the samples
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were not processed in situ, the samples were collected in polyethelene sampling bags, stored 
in a cool box at 4^C and processed within 6 hours of sampling.
5.4.2.2 Quality control
In this study, equipment blank, duplicate and split well water samples were collected as field 
quality control (QC) measures to assess the accuracy and precision of the sample collection 
procedures followed in this study. Equipment blanks are collected to assess the efficacy of 
cleaning and disinfection of the equipment as described by Nielsen (2006, p995). Because the 
equipment should be cleaned properly between two sampling locations to prevent cross 
contamination of the samples collected. Duplicate samples are tested to assess the precision 
of the sampling team while field split samples are collected to compare the performance of 
the laboratory used in the study with another laboratory whose performance level is known 
(Nielsen, 2006, p996).
Negombo study
When project field work commenced in the Negombo region, split samples were processed at 
all well locations for FC counts. It was not feasible to carry out comparative QC on samples 
in a reference laboratory so both split samples were tested with the same field equipment 
(DelAgua field test kit) used in this study. Blank controls were also included as described by 
Neilsen (2006). Then the homogeneity levels of the FC class grades (Table 2.12) assessed 
from both split samples, and thus were used to assess the reproducibility of the results by the 
same DelAgua field test kit. The reproducibility of the DelAgua field test kit in processing 
the water samples for the thermo-tolerant faecal coliforms is identified from Table 5.1.
After the completion of the preliminary survey in the Negombo region a follow up survey (at 
the same study wells / tube wells) was planned to understand the consistency of the current 
risks of faecal contamination and sanitary hazards, attached to study groundwater point 
sources over a period of time (between the preliminary and follow up surveys). However, due 
to threats to the researcher, the study had to be terminated prematurely in the Negombo 
region and this prevented follow up surveys from being carried out. As it was not feasible to 
test one of the split groundwater samples in a reference laboratory, the author decided to 
process duplicate samples (two samples at the same location, and almost at the same time), 
instead of split samples, for QC purposes.
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The Maldives islands
Having determined the reproducibility of split samples using the DelAgua test kit from field 
work in the Negombo region, and due to the absence of reference laboratory in the study 
islands to compare split samples, duplicate well water samples were processed in the 
Maldives islands (at all study sites) to assess the reproducibility of the author who processed 
the samples when MWSA field officer collected the duplicate samples. The homogeneity 
levels of the FC grades obtained for each set of duplicate samples demonstrated the 
reproducibility of the sampling team (Table 5.2).
During the preliminary survey in Thimarafushi island, the first set of groundwater samples 
were diluted 100 times (1 ml sample) with distilled water (from the National Health 
laboratory, Maldives Food and Drug Authority, Male’ island), anticipating large numbers of 
thermo-tolerant FC counts. However the counts were not as high as expected. As the water 
samples were 100 fold diluted, the difference in FC counts between sample 1 and 2 observed 
in Thimarafushi island were in the order of hundred.
The same dilution was maintained throughout the preliminary survey in Thimarafushi island 
to verify the validity of the first set of observations; that is whether the high level (order of 
hundred) of observed FC count difference is due to the chosen dilution or due to human error. 
Fortunately the observations were similar during the preliminary survey and implied that the 
observed difference were due to the chosen dilution. This difference in the FC counts 
observed during the preliminary survey in Thimarafushi island is reflected in the 
homogeneity levels assessment in Table 5.2.
The homogeneity levels of the split and duplicate samples in the Negombo region and the 
Maldives study islands demonstrated very good reproducibility of the data (92% in the 
Negombo region and 77.8% in the Maldives study islands). Therefore, in both study areas the 
mean FC counts was used in the data analysis, in Chapter 07.
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Chapter 05 Project methodology
S.4.2.3 Electrical conductivity
The electrical conductivity (EC) of the well water samples were used as the measure of 
salinity. The EC observations (units: mS/cm or pS/cm) were made using YSI water quality 
logger and Horiba instrument. The sensors were calibrated using standard solutions prior to 
each batch of sampling. The EC observations from both instruments showed very good 
correlation with value of 0.99. Therefore the EC observations from both instruments are 
comparable. The electrical conductivity measurements were taken by dipping the logger into 
the well water and by giving time for the reading to settle.
The EC observations are temperature dependent. The Horiba instrument recorded the EC 
values at the observation temperature. However, the YSI water quality logger was set to 
measure the specific conductance (which is EC at 25^C) which is the temperature 
compensated EC values. The YSI water quality logger automatically recalculated the EC 
values observed at the observation temperature to specific conductance at 25°C using the 
following formula.
Specific Conductance (25^C) = Conductivityi+rc*(r-25)
Where TC - Temperature coefficient (0.0191)
T - Temperature (®C)
Therefore to make the EC values fi"om different study areas comparable the observed well 
water EC values were converted into Specific Conductivity (SC) values at 25^C. Since the 
well water temperatures observed in all study areas were above 25^C, the calculated SC 
values are smaller than the corresponding EC values. The typical salinity values of water 
presented by Falkland in Table 4.2 are all EC values. In the absence of temperature data, 
these EC values cannot be converted into SC values at 25^C. Therefore the well water SC 
values obtained firom the study areas will be compared against the typical EC values of water 
in Table 4.2. Due to the prevailing temperature conditions (>25^C) in all the study areas, if 
the typical EC values in Table 4.2 had been converted into SC values those SC values would 
have been smaller (by 7% assuming an average temperature of 29^C) than the EC values. 
However it may be noted that the groundwater temperature variation throughout the year is 
negligible in the Maldives islands and hence the impact o f temperature on the well water EC  
is also negligible, particularly considering the wide range o f conductivities encountered.
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S.4.2.4 Temperature
The major reason for measuring the water temperature (^C) in a water quality study is that 
most of the chemical and bacteriological reaction rates are influenced by temperature. In 
addition, the well water temperature also has an impact on EC values, as seen above. In this 
field work the temperature reading of the groundwater samples were taken by submerging the 
YSI water quality logger/Horiba instrument temperature probe into the water sample. Ample 
time was allowed for the reading to stabilise before recording the observation with the logger.
5.4.3 Sampling locations and frequency
In this project a simple random sampling technique was used, where all the supplies carry 
equal probability of microbial contamination from sanitary hazards present at the operational 
courtyard of the water supply. Since local support was a big issue particularly in the 
Negombo region, the sampling locations were selected mainly through personal contacts. A 
few observation sites were also selected from the municipality controlled Negombo DS 
division where piped water supply is present in addition to groundwater wells. Since 
Negombo DS division is located next to the Indian Ocean and the Negombo lagoon (carrying 
sea water) and had seen December 2004 tsunami impact groundwater salinization can be a 
significant issue for this part of the study area in Sri Lanka. In the Maldives, the number of 
sampling locations selected varied from island to island depending mainly on the land use 
pattern and the land area. Representative sampling locations were selected randomly to cover 
a substantial area of each study island.
The well water samples were collected either using the DelAgua field test kit’s stainless steel 
sampling cup, or using the means used by the inhabitants to collect water from the well. As 
the identification of the potential pollution sources is the major factor which drives this 
study, sampling was done only once in the first stage of the field work. Temporal variation of 
bacterial quality and salinity levels during the course of a day (day-time) was also done at 
Daravandhoo and therefore written in detail in Chapter 07. Since the number of wells present 
in the Vilufushi island during the field work period was less, same wells were studied on two 
consecutive days during January 2008. Even though the rest of the islands which belong to 
Thaa atoll (Thimarafushi, Veymandoo and Burunee) were studied again during May 2008, 
the Vilufushi island was not, due to delays in obtaining permission to carry out the study in 
the Vilufushi island.
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5.5 Groundwater quality mapping
A Geographical Information System helps to combine and analyse the data spatially. In this 
project ArcGIS (Environmental Systems Research Institute (ESRI), 
www.esri.com/software/arcgis. 2002) was used to plot the spatial variation of the 
groundwater quality observations;
To understand the spatial variation of the observed parameters and to compare the 
observations for any correlation
- To spatially analyse the EC observations with respect to the distance from the sea
- To understand the extent to which the sampled well water quality is representative of 
the groundwater quality conditions in the study areas
5.6 Statistical data analysis
A statistical data analysis of the data collected during this research study was performed 
using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego, California 
USA, W W W .graphpad.com.
Correlation
Correlation analyses were carried out between the mean observed EC counts and potentially 
explanatory variables, population density and land area, to understand the impact of these 
explanatory variables on the observed microbial well water quality.
Hypothesis tests
The spot EC observations from different islands and between different surveys from the same 
island, and, day-time temporal variation of the EC counts at a particular well on consecutive 
days were compared to understand whether the explanatory variables; population density, 
land area, weather conditions and sampling time during a day, have impact on the observed 
well water microbial contamination levels. The null hypothesis in all the tests was that there 
was no difference between mean/median of the compared data set. A 95% confidence interval 
was assumed for all the hypotheses tests. Hence the significance level (a) which is the 
probability of rejecting the null hypothesis when it is really true was 0.05 for all the 
hypothesis tests. The null hypothesis was rejected when the p-value (the probability of 
obtaining the test statistic when the null hypothesis is true) is less than a.
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T-test / One-way ANOVA can be used to compare the FC counts between different surveys, 
different Maldives islands and between different days of sampling (when studying the day­
time temporal variation of the FC counts). These tests were used to compare the central value 
(mean) of the observed data. When the number of data sets compared was less than 2, t-test 
was used, whereas one-way ANOVA was used when the number of batches compared was 
greater than 2. Both t-test and one-way ANOVA assumes only one factor is influencing the 
difference (if any) between the central values of the data sets tested. Two-way ANOVA was 
involved in the data analysis where two or more factors were thought to be influencing the 
difference between the central values of the data sets. Since a majority of the observations 
(SC and FC counts) made during this research work are not normally distributed the non- 
parametric tests namely, Mann-Whitney test (non-parametric alternative to unpaired t-test), 
Wilcoxon matched-pairs signed rank test (non-parametric alternative to paired t-test) and 
Kruskal-Wallis test (non-parametric alternative to one-way ANOVA), are used to compare 
the central values and variation of two or more batches of observations.
Three different statistical methods are employed in this thesis to analyze the relative 
significance of sanitary hazards on the impact of microbial well water quality (FC counts) as 
follows.
7. Sanitary Hazard Index (SHI)
The details of this method developed by Lloyd and Boonyakamkul (1992) were discussed in 
Chapter 2, section 2.7.5 of this thesis.
2. Analysis o f the percentage occurrence of sanitary hazards
“If the frequency of reporting of a particular risk is higher for samples that exceed the water 
quality objective than for those that meet the objective, this is evidence of a positive 
association between the risk factor and water quality. The size of the difference between the 
two groups of samples is likely to reflect the strength of the association” (ARGOSS, 2001, 
p73). Therefore the percentage of occurrences of each sanitary hazard in relation to the 
presence / absence of certain FC grade was compared in this thesis as a measure of relative 
significance of each sanitary hazard.
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3, Contingency table analysis
Contingency table analysis is used to analyze the relationship present among categorical 
variables where the response variable is nominal (no ordering to the categories). Therefore 
contingency tables can be used to understand the impact of each sanitary hazard on the 
occurrence of FC counts above and below a certain FC grade.
The outcome of the above three methods were compared and contrasted in Chapter 7, Section
7.4 of this thesis.
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Results and Discussion, tsunami impact and well water quality recovery in the study 
areas
On the 26* December 2004 the South Asian Tsunami hit the islands and coastal regions of 
seven countries in the Indian Ocean (Figure 6.1). The damage caused by the tsunami waves 
on the groundwater systems (Figure 6.2), in the affected countries, was significant and 
salinity increased. Additionally, wastewater from failed sanitation systems mixed with the 
local groundwater and caused poor bacteriological quality. The extent of the damage to the 
aquifers in the Tsunami affected regions was not known.
TSUNAMI
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Figure 6.1: Countries most affected 
by the year 2004 South Asian 
Tsunami.
Considering the information gathered from different sources Barthiban, Lloyd and 
Guganesharajah (2011) (Appendix F) proposed the following categories of tsunami impact on 
groundwater:
1. direct inundation of open dug wells with sea water
2 . infiltration of the flooded seawater into the aquifer through the permeable vadose zone
3. well water contamination from debris and failed sanitation systems
4. disturbance caused to the freshwater -  saline water interface due to the tsunami induced
subsurface tidal pressure waves (and landward movement of interface).
5. physical damage to the aquifer system.
For example the destructive tsunami waves washed away the sediments in coastal regions 
and caused landward shift of the coastline which reduced the extent of the aquifer. Also
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when the coastal sand dunes are washed away by the fierce tsunami waves the thickness 
of the coastal sand aquifers reduces. In addition, the tsunami induced underground tidal 
pressure waves could have caused more fracture in the limestone or coral/sand stone 
aquifers or reshuffled the coastal sand/sand dune aquifer and altered the porosities.
Tsunami: impact on groundwater conditions
Vulnerable groundwater and senous dam age 
Less vulnerable groundwater and senous dam age 
Vulnerable groundwater and severe dam age 
Less vulnerable groundwater and severe dam age 
Moderate dam age
Explanation:
1. Vulnerable groundw ater coastal zone with perm eable sedim ents or rocks
2. Less vulnerable groundwater: coastal zone with less penneable sedim ents or rocks
3. Senous dam age: areas  with major destruction and deaths
4. Severe dam age: areas  with major dam ages and few deaths
5. Moderate dam age: areas  with less dam age and no deaths
— —
Myanmar:
•  Coastal aquifers: 
sediments, locally sandy
• No information received 
yet on impact
•  Coastal aquifers: sandy 
sedim ents and limestone
• Slow flushing of salts 
expected, due to low rainfall
India -  m ain land:
• Coastal aquifers: 
sediments, iocally
Bandore)
Somalia:
• Coastal aquifers: sandy 
sedim ents and limestone
• Slow flushing of salts 
expected, due to low 
rainfall
S eychelles:
•  Unconfined shallow 
aquifers
• No reports of negative 
effects to groundwater 
resources
Py « Srkawn
India -  A ndam an and 
N icobar Islands:
• Coastal aquifers: 
locally sandy
• Locally dramatic 
change of coast line
r MOONCSU
Thailand:
• Coastal aquifers: 
sandy beach ndges
• Erosion of beaches
Sri Lanka:
• Coastal aquifers: sandy 
beach ridges, limestone in 
the north
• Freshwater lenses affected
M alaysia:
• Coastal aquifers: 
sediments, locally
• No information 
received yet on 
impact
Maldives.
• Aquifers: sandy sediments 
on top of iimestone
• Freshwater lenses severely 
affected
Indonesia  - Sum atra:
• Coastal aquifers: sandy beach ndges
• Freshwater lenses severely affected
• Erosion of beaches
Impact on groundwater condiûons;
• Wells destroyed by the wave force or contaminated by saline water or other pollutants
• Intrusion of saline water during the fiooding
• Intrusion o f salts from saline ponds or leached from the soil after the flooding
• Pollution of groundwater by spreading of wastes, sewerage, chemicals, etc.
•  Inland shift of freshwater/saltwater interface due to shoreline retreat
• Freshwater lenses reduced in size by the pressure of the wave
This indicative map shows the coastal areas with damage by the tsunami, combined 
with the vulnerability for pollution o f groundwater by intrusion of saline wateror other 
pollutants. The vulnerability is based on an estimate of the permeability of the sediments 
and rocks in the coastal zone. The map does not show the presence o f actual 
groundwater pollution, because mis information is not available everywhere and can not 
be presented at this scale also. The map is therefore indicative and needs updating 
once actual information on the groundwater situation becomes available.
The information on the geology was obtained from regional geological maps (see country reports).
The information on the damaged areas was obtained from the Internet (www.reliefweb.int and other links).
i O  r d £ i  International G roundw ater A ssessm en t C en ter 
.. H  1 w w w iqrar.n l vondn^
Source http://www.igi~ac.net/dvnamics/modules/SFILQ10Q/view.php7fil Id=64 
Figure 6.2: December 2004 tsunami impact on groundwater conditions.
6.1 Tsunami impact in the study areas
6.1.1 The Maldives islands
The islands were struck by the tsunami at 9:20 local time on the 26* December 2004; the 
wave heights are shown in Figures 6.3; this also points out the islands investigated in this 
study. Thaa atoll is one among those atolls where a majority of the islands were completely 
submerged by the tsunami sea water (Figure 6.3), whereas the impact on the Alif Dhaalu atoll 
and Baa atoll was significant. This was one reason for the selection of these atolls for this 
research study.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Source: UNDP (2006)
Figure 6.3: Map showing features of the year 2004 South Asian Tsunami in the 
Maldives islands. Five of the study islands are identified hy arrows on the map.
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The tsunami impacts on the study islands are summarised in Table 6.1. Table 6.2 summarises 
the reported levels of tsunami impact on the extent of fresh water lenses in eight islands. 
Unfortunately this information was available only for those listed islands and none of the 
islands studied in this research work. However the information was reproduced in Table 6.2 
to understand the overall impact by the year 2004 tsunami on the freshwater lens in the 
Maldives islands.
Table 6.1 Impact of December 2004 tsunami flooding in the Maldives study islands.
Study islands Area (ha)
Population 
density (/ha)
Tsunami
impact^ Tsunami impact^
Vilufushi 61 7 Very high
Completely flooded*; 3 m surveyed 
height of water level marks
Thimarafushi 14.5 166 High Completely flooded*
Veymando 40.8 25 Limited Completely flooded*
Burunee 30.5 85 Substantial Completely flooded*
Fenfushi 24.2 33 Limited Significantly flooded*
Thoddoo 173.8 9 Limited Significantly flooded*
Daravandhoo 56.1 18 Substantial Significantly flooded*
NB: 1 -  Maldives Ministry of Planning anc National development (MPDN) / UNDP (2005)
(descending order of intensity -  very high, high, substantial, limited and nil); 2 -  UNDP map 
(2006); * flooded with tsunami brought seawater.
According to the information summarised in Table 6.2;
The islands which experienced limited tsunami impact (MPDN/UNDP, 2005), and little 
flooding with tsunami brought sea water (UNDP map, 2006), showed no reduction in 
fresh water lens areas
The island which experienced very high level of tsunami impact and significant flooding 
with tsunami brought sea water (Filladhoo island) showed very high percentage (95.1%) 
loss of fresh water lens area
Even though the Dhidhdhoo island experienced limited tsunami impact the tsunami 
brought sea water flooding experienced by this island was significant. Therefore the loss 
of freshwater lens area was not zero but low (10.3%)
Similarly, the islands (Nolhivaranfaru and Kulhudhuffushi) which experienced substantial 
tsunami impact but little flooding experienced only lower percentage loss in the freshwater lens 
area.
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Applying the findings made from the information presented in Table 6.2 to the study islands 
summarised in Table 6.1, it can be tentatively concluded that;
o Vilufushi and Thimarafushi islands would have lost a high percentage of freshwater lens 
area (could be in the order of 90%), because the tsunami impact level on these islands 
were very high and high, respectively and both of them were completely flooded with the 
tsunami brought sea water (Table 6.1) 
o Even though the tsunami impact on the Veymandoo, Burunee, Fenfushi, Thoddoo and 
Daravandhoo islands were limited and substantial, since the flooding with tsunami 
brought sea water experienced by those islands were significant and complete flooding, 
the expected level of loss in fresh water lens area in those islands could be about 10 to 
20% (MPND/UNDP, 2005).
Table 6.2 Reported area of freshwater lens, pre- and post- year 2004 tsunami in selected 
islands of the Maldives.
Island
Island
area
(ha)**
Area of freshwater lens (ha)**
Tsunami
impact
level*
Tsunami
caused
flooding
level***
Pre-tsunami 
(yr. 2000- 
2001)
Post­
tsunami (yr. 
2005-2007)
%
reduction
Dhidhdhoo 51 34 30.5 10.3% Limited Significantly
Filladhoo 226 11 0.54 95.1% Very high
Nolhivaranfaru 151 33 31 6.1% Substantial
Little
Kulhudhuffushi 172 105 92 12.4% Substantial
Hithadhoo 467 320 320 0.0% Limited
Maradhoo 74 35 35 0.0% Limited
Feydhoo 50 48 48 0.0% Limited
Gan 290 250 250 0.0% Limited
* Maldives Ministry of Planning and National development (MPND) / UNDP (2005) 
(descending order of intensity -  very high, high, substantial, limited and nil); ** 
MEEWAVHO/GWP (2008, Appendix 2); *** UNDP map (2006) (flooding levels in 
descending order of complete-significant-little)
6.1.2 The Negombo region, Sri Lanka
According to the UNEP, after the year 2004 tsunami Rapid hnpact Assessment report (p64) 
the tsunami impact felt by the Negombo area is limited to the Negombo lagoon and the 
coastal sand dunes. The year 2004 tsunami impact experienced by the Negombo region was 
less than the other severely inundated areas of the Sri Lanka (such as Galle, Batticalloa,
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Jaffna) (Figure 6.4). UNEP (undated, p64) stated that the six canals connected to the 
Negombo lagoon were blocked by debris and the channels in the Negombo lagoon mouth 
were deepened by the tsunami. The coastal sand dune (which used to be 15m high in some 
places) was severely eroded and the beaches were eontaminated with debris and rubbish.
Indian Ocean Tsunami on 26 Dec 2004: 
Measured Tsunami Height
•  Choi e t  al. (2005)
A K aw ata e (  at. (2005)
*  Lki e (a ( . (2005) 
o  S a rm a  (2005)
■ S a to  e t  a t (2(X)5)
+  S h ib ay am a  e( at. (2005)
A  W ijetunge e t  at. (2005)
80.4 °E
1 Mullaittivu
Trincomalee
Negombo region
Batlicaloa^ H- j
Colombo
6.8 Ü
Hambantola
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Measured Height (m)
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Measured Height (m)
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£  4
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Figiue 1. D isn ibutioii o f  tsiiuami height along the coastline o f  Sri Lanka.
Source; Janaka, Science of 
tsunami hazards, vol. 24, No. 3, 
page 229 (2006)
Figure 6.4: Map showing the 
December 2004 tsunami 
brought sea water wave heights 
experienced in the coastline of 
Sri Lanka
No data were reported for the immediate post-tsunami well water salinity levels in the 
Negombo region. However, some post-tsunami groundwater quality data were recorded from 
other parts of Sri Lanka, which was confronted with severe tsunami sea water inundation. For 
example, in Galle Distriet, recorded well water salinity varied from 2,000 to 12,000pS/cm 
(Jutta Eggers, 2005). Since the tsunami impact experienced by the Negombo region was less 
than the severely affected areas in Sri Lanka, the tsunami induced well water salinity levels in 
the Negombo region could be much less than the other severely affected areas experieneed.
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There was no pre-tsunami well water salinity records available for comparison with the post­
tsunami salinity levels obtained from this project work.
6.2 Factors affecting the recovery of post-tsunami well water quality
Barthiban, Lloyd and Guganesharajah (2011) discussed (Appendix F) the factors affecting the 
recovery of post-tsunami groundwater with respect to salinity and microbial quality and made 
the following comments;
o the well water salinity cannot be remedied by pumping out the wells located close to the 
coast.
For example, Jutta Eggers (2005) showed that pumping out tsunami wells, one month 
after the tsunami, did nothing to reduce salinity in the Galle coastal area (Sri Lanka). 
However some natural recovery was observed 2 months later, salinity was observed to be 
reduced by 0-60%, depending on location and recharge (Graph 6.1).
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Source: Jutta Eggers (Personal communication, 2005)
Graph 6.1: Effect of pumping on salinity in eighteen dug wells in Galle, Sri Lanka, 
measured one month after the December 2004 tsunami; before and after pumping out, 
and without further pumping two months later.
o well water salinity recovery can be delayed due to continuous exploitation of well water 
post-tsunami impact
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o the natural recovery of well water salinity by rainfall recharge is dependent on the 
amount of post-tsunami rainfall (and hence infiltration) and the residence time of the 
aquifer
o in addition to the rainfall recharge, the recovery of microbial quality of well water is 
dependent on time, since micro-organisms die-off with time. Therefore the faecal 
contamination of well water due to tsunami impact is immediate and transient.
6.3 Recovery of the post tsunami groundwater quality in the study areas
In this section the observed well water electrical conductivity (EC) values are analysed and 
compared with Falkland’s (August 2001) typical salinity (EC) values for water (Table 4.2 in 
Chapter 04), to understand the existence and extent of the fresh water in the study islands 
post- December 2004 tsunami.
Sri Lanka
The post- year 2004 tsunami well water specific conductivity levels observed in the southern 
coastal area of Sri Lanka by Jutta Eggers (2005) are presented in Appendix C. The locations 
of the wells monitored are indicated on the Sri Lanka map and presented in Figures 6.5 and 
6.6 .
Jutta Eggers (2005) stated that most of the dug wells studied were protected by a parapet wall 
of approximately one meter height. She further claimed that the wells which were not 
protected by a parapet wall, and those close to the shore, were directly flooded and had higher 
conductivities than the wells which were surrounded by walls. According to Jutta Eggers 
(2005) no pre tsunami well water specific conductivity observations at the same wells were 
available for comparison.
Graph 6.2 indicates that the median and the maximum well water SC post tsunami December 
2004, observed during January and March 2005 is higher in wells which are located within 
100m of the sea than those which are located at a distance greater than 100m. Even though 
the median well water SC indicates a general recovery during March 2005, the maximum 
values observed during March 2005 are higher than those during January. This higher well 
water conductivity could be due to continuous exploitation of some wells post tsunami, which 
hindered the natural recovery of the wells.
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Figure 6.5: Map indicating the area of GPS referenced well locations studied in 2005, 
for specific conductivity, in Sri Lanka.
- m e - " - .
p m  a P 4 f l 3 # Ç 4 0 7  ^
■ - :X. .a a - f _ ■»
,,ôt:^hihagqda
f. t , . .  O '- e  a .  ^  ,  X  „  : '  .
V  t '  •: 'V .%  ■
... ojagllf
Im agery  D a le  10(8/2011
0  2 0 1 2  G o o g le  O  
Im ag e  O  2 0 1 2  G eoE ye  
D a ta  SIO. NOAA, U S  Navy, NGA. G EB C O
44 N 4381 2 7 .5 8  m E  6601 6 2  4 0 £ p N  e le v  11 ;
Google earth
E ye alt 47  81 km  O
Figure 6.6: Map showing the GPS referenced well locations studied in 2005, for specific 
conductivity.
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Graph 6.2: The median, maximum and minimum well water specific conductivity post 
tsunami observed in the southern coastal area of Sri Lanka during January and March 
2005.
The minimum well water SC observed (during January 2005) in a well which is also located 
within 100m distance of the sea, was 1690|iS/cm. This well (ID PI 18) belongs to a hotel and 
according to Jutta Eggers (2005) this well had been pumped several times by the hotel staff 
prior to the post tsunami measurements were took. Therefore the tsunami water which 
inundated this well could have been pumped out and hence the well water SC was lower. 
However according to Graph 6 .1 it is understood that in general, pumping can cause adverse 
well water SC. One potential explanation for this contradiction could be that the hotel well 
(ID PI 18) was pumped at a rate lower than the pumping rate used by Jutta Eggers team and 
also the specific yield of the aquifer, so that the saline water from the disturbed interface was 
not driven into the well during pumping out of the well water. However, the well water SC at 
ID PI 18 during March 2005 was 3350 pS/cm. This could be due to continuous pumping of 
this well which consequently brought the saline groundwater into the well from the locality of 
the aquifer.
Overall, the distance (whether greater than or less than 100m) to the sea from the wells 
caused no significant effect for well water SC post tsunami (Mann Whitney test, U = 660.5, P 
value = 0.1591, a = 0.05). However, the well water SC observations made in the Unawattuna 
region (Figure 6.7) showed that the distance (whether greater or less than 100m) to the sea 
from the wells caused a significant effect on well water SC post tsunami (Mann Whitney test, 
U = 100.5, P value = 0.0011, a = 0.05) with wells located at a distance less than 100m
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experienced higher impact than those wells located further away from the sea, at a distance 
greater than 100m.
imsoervDile. 7/18/2009 2002
Figure 6.7: Map showing GPS referenced well locations studied in 2005, for specific 
conductivity, in Unawattuna, Sri Lanka.
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Figure 6.8: Map showing GPS referenced well locations studied in 2005, for specific 
conductivity, in Weligama, Sri Lanka.
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Figure 6.9: Map showing GPS referenced well locations studied in 2005, for specific 
conductivity, in Talpe, Sri Lanka.
As can be seen in Figures 6.7 to 6.9, there are rivers /canal flowing near the wells located in 
the Talpc and the Weligama area, but not in the Unawattuna area. When the tsunami struck 
the coastal areas, the tsunami water travelled inland through the canals or river network. 
Piyadasa et al. (2005) reported that the tsunami brought sea water travelled more than 2 km 
along the ‘Polwathumodara ganga’, which is the river draining through the Weligama bay 
(Figure 6 .8). Therefore some of the wells in these regions showed higher SC values 
irrespective of distance to the sea, potentially due to the close proximity to the river/canal 
which carried sea water during tsunami impact.
The distance (whether greater or lesser than 100m) to the sea from the wells caused 
significant effect for well water SC recovery post tsunami,
with wells located at a distance less than 100m showed no significant difference 
between the post tsunami well water SC observed during January and March 2005 
(Mann Whitney U = 156.5, P value = 0.8743, a = 0.05).
whereas wells located at a distance greater than 100m showed marginally significant 
difference (recovery) between the post tsunami well water SC observed during 
January and March 2005 (Mann Whitney U = 3588, P value = 0.0583, a = 0.05).
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Therefore this analysis of the 2005 observations highlights that;
a) pumping the wells post tsunami does not help with the well water salinity recovery
b) the level of tsunami impact on well water SC is, in general, higher in wells which are 
located within 100m from the sea compared with those located at a distance greater 
than 100m. However, these 2005 observations further highlighted that wells located 
near a canal/river showed high well water SC despite the distance to the sea being 
greater than 100m, due to the tsunami wave travelling along the rivers/canals.
c) The wells located at a distance greater than 100m from the sea showed a statistically 
significant greater well water SC recovery than the wells located within 100m, within 
a period of only two months after the tsunami event.
The Maldives islands
As part of a well surveillance study in the Maldives islands the well water specific 
conductivity (SC) (using YSI water quality logger)/Electrical conductivity (EC) (using 
Horiba hand held logger) values were observed at randomly selected wells in the study 
islands by submerging the probes into the well water (See section 5.2.5.S).
6.3.1 Vilufushi island
The well water sampling locations in the Vilufushi island are presented in Figure 6.10. In the 
absence of a sufficient number of groundwater point sources for sampling for the reasons 
discussed earlier on, only six wells and three excavation holes, dug for the reconstruction 
works, were used for groundwater sampling in this island.
Vilufushi island was inundated by tsunami sea water in December 2004. According to 
BRCS/MottMacDonald (2007, ELA report, p3-7) the groundwater chloride concentration 
(sampling location and the depth of the groundwater at which sample was collected was 
unknown) measured during the period from July to September 2005 was very high (4878 
mg/1) which is approximately equivalent to 8916 pS/cm groundwater EC (Appendix G). 
However, the maximum well water SC observation made in the Vilufushi island during 
January 2008 was 1479 ju S/cm (Table 6.3). All SC observations made during January 2008 
from this island satisfied the WHO maximum desirable limit (1500pS/cm) for freshwater
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(Table 4.2). Therefore the post-tsunami groundwater salinity levels in the Vilufushi island 
fully recovered to freshwater conditions by January 2008.
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Figure 6.10: Nine groundwater
sampling locations in Vilufushi 
island, plotted on the ArcGIS map 
of the newly reclaimed Vilufushi 
island.
NB: VOIW - Vilufushi well no. 01; 
VOIEX - Vilufushi Excavation no. 01
Considering the small amount of water quality data available in the Maldives prior to and 
immediately following the tsunami, it was both difficult to assess the immediate impact of 
inundation as well as follow the typical recovery to fresh water status. Groundwater residence 
time is the duration during which rainfall recharge stays within the freshwater lens from the 
time it reaches the lens until the time it leaves the aquifer. The groundwater residence time 
can also be considered as the duration it will take to completely get rid of any contaminants 
reaching the groundwater, using the rainfall recharge only.
Groundwater residence time =
r  Ground water storage (m^) ' 
L Freshwater lens area (m^) 
Rainfall recharges (m/yr)
Groundwater storage (m ) = Total volume of the lens (m ) * Porosity (%)
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Total volume of the lens (m ) = 
Groundwater residence time =
Lens area (m^) * Average freshwater lens thickness (m) 
[Average freshwater lens thickness (m) * Porosity (%)] 
/ Rainfall recharge (m/yr)
For the Maldives islands (Falkland, August 2001), average freshwater lens thickness is 3m, 
and the average porosity is 30%. The average annual rainfall for the southern Maldives 
islands is 2278mm. Therefore the groundwater residence time in the southern Maldives 
islands’ aquifers can be 0.4 years. If the Maldives islands which were inundated by tsunami 
brought sea water had received continuous rainfall recharge with no groundwater exploitation 
post-tsunami, the groundwater salinization would have recovered to freshwater conditions 
within 0.4 years. However, exceptional arid dry season (driest for last six years) was 
experienced by the Maldives islands following the year 2004 tsunami impact (MWSA/GWP, 
2005). MWSA/GWP (2005) estimated an average groundwater salinization recovery period 
of 0.5 to 4 years after considering the annual recharge estimates to the aquifer for the 
Maldives islands.
A speculative recovery curve is shown in the Graph 6.3 based on data pieced together from 
various sources. This assumes that the wells samples from which the trend is plotted are left 
to rest and recharge occurs through natural rainfall recharge, as in the context of the Vilufushi 
island (since no inhabitants resided in the Vilufushi island for about 3 years due to the 
complete reconstruction of the infrastructure carried out in the island).
Table 6.3 Well water specific conductivity post tsunami based on data collected from 
different sources.
Months
Time counts 
(months)
SC
(pS/cm) Source of information
Dec-04 0 750
Falkland (December 2004) in Feridhoo and Kashidhoo islands 
(SC < 1500 pS/cm)
Jan-05 1 12000 Jutta Eggers (2005)
Sep-05 9 8916
RCS/MottMacDonald (2007, ELA report, p3-7), Vilufushi 
island
Jan-08 37 1479 Author
The observation during September 2005 clearly shows that the groundwater has not 
recovered due to the exceptional dry period even though the average groundwater residence 
time is 0.4 years. The recovery process began when the natural recovery of rainfall had
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started. In the absenee of groundwater salinity data post-tsunami during the period between 
September 2005 and January 2008, it is assumed that the groundwater salinity reeovered to 
freshwater eonditions by January 2008. Therefore under natural reeharge eonditions, the 
eomplete recovery of well water salinity post tsunami took approximately three years in the 
Maldives islands.
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Graph 6.3: Presumptive saline (Specific conductivity) recovery post tsunami in
Vilufushi island.
Even though the SC values at different sampling locations varied significantly (from 402 to 
1479 p  S/cm), the temporal variation during two days, at each site was not significant (Table 
6.4). The well water abstraction pattern in Vilufushi island is unlikely to cause up-eoning of 
fresh water-saline water interface and subsequent groundwater salinization (Barthiban et ah, 
2011) (Appendix F). Therefore sea water intrusion and the tsunami impact could be the two 
potential factors causing well water salinity levels observed in Vilufushi island. Since, in 
terms of well water salinity, the Vilufushi island has fully recovered from year 2004 tsunami 
impact by January 2008, the spatial variation of the observed salinity levels is an impact of 
sea water intrusion (which in turn dependent on the distance of the sampling location to the 
coast line, amount of rainfall recharge and well exploitation and tidal pressure). The temporal 
variation of the well water salinity can be affected by the well water abstraction pattern and 
the tidal pressure waves. However the well water abstraction rate in Vilufushi island is lower
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(due to the absence of inhabitants except the workforce) as such it does not cause significant 
drawdown in groundwater table. During high tide the underlying sea water of the freshwater 
lens will tend to lift the freshwater body upward. During high tide, the thickness of the 
brackish layer which is known as the freshwater -  saline water interface also enlarges due to 
more mixing of the freshwater and the underlying sea water. This could cause well water 
salinization. However no significant temporal variation of the well water SC observed in 
Vilufijshi island implies that the tidal effect is not significant on the well water salinization in 
this island.
Table 6.4 Well water specific conductance (25®C) observations from Vilufushi island.
Location
ID
Date
(D/M/Y)
Time
(hrs) T(“C)
SC
(//S/cm)
Time
(hrs) T("C)
SC
(// S/cm)
V02W 07.01.2008 09:28:00 30.1 475 16:06:00 29.4 488
V04W 07.01.2008 10:03:00 28.9 810 16:23:00 29.0 812
V07W 07.01.2008 10:46:00 30.1 1454 16:55:00 28.6 1420
V09W 07.01.2008 11:17:00 29.0 408 17:20:00 28.2 402
VOlEx 07.01.2008 - - - 17:34:00 29.2 1179
VOIW 07.01.2008 - - - 15:37:00 28.9 1001
V02Ex 07.01.2008 - - - 17:51:00 28.6 839
VOIW 08.01.2008 09:01:00 28.4 1002 15:28:00 29.0 1000
V02Ex 08.01.2008 11:05:00 30.2 875 17:10:00 29.9 870
V02W 08.01.2008 09:28:00 29.3 475 15:54:00 29.4 480
V04W 08.01.2008 09:50:00 28.6 806 16:08:00 29.1 808
V07W 08.01.2008 10:12:00 28.6 1479 16:22:00 28.5 1448
V09W 08.01.2008 10:44:00 28.6 413 16:38:00 28.5 406
VlOW 08.01.2008 12:18:00 32.4 1320 - - -
VOlEx 08.01.2008 - - - 16:53:00 29.9 1200
VOBEx 08.01.2008 - - - 17:27:00 29.7 794
NB: SC -  Specific Conductance; W -  Well; Ex -  Excavation
The welEexcavation penetration into the groundwater (Figure 6.11), as observed in the 
Vilufushi island are summarised in Table 6.5. The difference in well penetration varies from 
a minimum of 1cm to a maximum of 11cm (at V02W) (Table 6.5). VOIW (Figure 6.12) is a 
newly built well after the tsunami inundation, and, used by the construction labourers for 
hand washing purposes. Because of its rare use and the effect of tidal variation of the sea 
level the well penetration in VOIW varied, but to a small level of 1cm. Well V02W (Figure 
6.13) is a mosque well which survived the tsunami devastation due to its location in the 
middle of the old (before land reclamation) Vilufushi island. Water from this well is 
abstracted using a ‘Dhani’ (a hand dipper) by the construction labourers for washing kitchen 
utensils. Also sometimes this water is drunk by the construction workers.
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Table 6.5 Observed well penetration in the Vilufushi island.
Location ID Penetration (cm) Penetration (cm) Difference (cm)
07/01/2008 Morning Evening
VOIW 81 82 1
V02W 75 86 11
V04W 74 79 5
V07W 77 67 -10
V09W 25 26 1
V02Ex - 33 -
08/01/2008 Morning Evening
VOIW 75 74 -1
V02Ex 30 35 5
V02W 84 86 2
V04W 73 75 2
V07W 70 70 0
V09W 24 22 -2
VOlEx - 54 -
Well bottom
Height of the parapet wall
Ground level
Water table
i I
Depth to 
water table Penetration
Figure 6.11: Schematic diagram showing the details of the depth to water table
measurement and well / excavation penetration calculation.
Compared to other study wells in Vilufushi island, except V04W, V02W was heavily used. In 
general, hand dipper use is unlikely to have significant effect on draw down. However, since 
V02W was, even though with hand dipper, frequently exploited during the day and every 
day, the well water abstraction together with tidal effect could have led to the 11 cm change in 
the water thickness of this well on 07/01/2008. On that particular sampling time the 
measurements were taken following well water abstraction for the labourers’ kitchen use. 
However recent well water abstraction prior to sampling on 08/01/2008 caused the 2 cm 
change in depth-to-water table in well V02W.
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Figure 6.12: Groundwater sampling point, VOIW, in Vilufushi island.
Figure 6.13: Groundwater sampling point, V02W, in Vilufushi island.
Wells V04W (Figure 6.14) and V07W (Figure 6.15) were also newly constructed wells and 
were used by the construction labourers. Well V07W was heavily exploited using both 
manual and mechanical abstraction (on-demand using electrical pressure pumps) for kitchen 
water consumption. This justifies the observed comparatively high change in the well 
penetration observed in this well (Table 6.5). Well V04W is manually abstracted less 
frequently (comparatively). This together with tidal impact on V04W has exhibited small 
change in well penetration. Well V09W (Figure 6.16) was an abandoned well which had been 
destroyed by the tsunami sea water. Therefore the change in 1 to 2cm well penetration 
observed in this well gives a true picture of the variation of the water levels in this Island. 
Hence in the absence of water abstraction the groundwater water table in Vilufushi island 
varies about one to 2 cm during the course of a day because of tidal variation of the sea level. 
Since there was no rainfall/showers experienced during the field work period the impact of 
rainfall on the water level (in making the above conclusion) is excluded.
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Figure 6.14: Groundwater sampling point, V04W, in Vilufushi island.
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Figure 6.15: Groundwater sampling point, V07W, in Vilufushi island.
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Figure 6.16: Groundwater sampling point, V09W, in Vilufushi island.
Therefore the findings derived from the well water SC measurements made in the Vilufushi 
island are:
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o The ocean tide causes about 1 to 2cm water level variation in wells
o The post- Deeember 2004 tsunami well water salinity had substantially recovered its
freshwater status by January 2008 (3 years duration), 
o Since the Vilufushi island was evaeuated post-tsunami, due to complete reconstruction 
works, the recovery of the well water salinity was largely under natural conditions by
rainfall recharge and very little/no continuous exploitation of well water.
6.3.2 Thimarafushi island
The well water sampling locations in Thimarafushi island are presented in Figure 6.17.
Thim arafushi is iand_S am piing ioca tion s
Œ T V W j : ,Ttm
Tsunami
waves
O bser\el i onsrtes .shp
200 Meters
j rod TKAvtrsE raiCN s
Figure 6.17: Well water sampling 
locations in Thimarafushi island.
Two batches of well water sampling (during January and May 2008) were carried out in 
Thimarafushi island. A majority of the well water samples in this island showed SC values 
closer to juS ! cm , with none (except Th20W during May 2008, only) of them falling 
below 500//S'/cm. During January 2008, of the studied wells in Thimarafushi island 86%
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showed SC values below the maximum limit for freshwater (2500 pS ! cm) (Table 6 .6). In 
addition, thirteen observations out of the total twenty-one (62%) had SC values below 
1500//S/cm, which is the WHO maximum desirable limit for fresh water. Approximately 
62% of the samples tested lay between 500-1500 pS ! cm. No samples tested had SC values 
below 500 p S / cm, which is the upper limit for very fresh water (Table 4.2).
Table 6.6 Well water specific conductivity observations from Thimarafushi island.
Location
ID
January 2008 May 2008
Date (D/M/Y) T(®C) SC i p  S/cm) Date (D/M/Y) T(®C) SC i p  S/cm)
ThOlW 09/01/2008 293 2690 26/05/2008 2&9 2745
Th02W 09/01/2008 28A 1493 26/05/2008 29.1 1020
Th03W 09/01/2008 29.0 1328 26/05/2008 293 1666
Th04W 09/01/2008 283 1349 26/05/2008 283 1403
Th05W 09/01/2008 293 1210 26/05/2008 293 1342
Th06W 09/01/2008 27.9 1597 26/05/2008 283 2199
Th07W 09/01/2008 283 1197 26/05/2008 29.1 1261
Th08W 09/01/2008 283 2078 26/05/2008 283 2480
Th09W* 10/01/2008 293 581 26/05/2008 29.5 669
ThlOW 10/01/2008 283 3680 26/05/2008 2&9 4719
ThllW 10/01/2008 2&9 1784 26/05/2008 293 1968
Thl2W 10/01/2008 29.0 1502 26/05/2008 2&9 2103
Thl3W 10/01/2008 283 2049 26/05/2008 293 2310
Thl4W 10/01/2008 283 2626 26/05/2008 2&9 3155
Thl5W 10/01/2008 - - 26/05/2008 293 863
Thl6W 11/01/2008 30.2 1209 26/05/2008 293 1241
Thl7W 11/01/2008 29.0 896 26/05/2008 283 906
Thl8W 11/01/2008 293 791 26/05/2008 293 852
Thl9W 11/01/2008 283 875 26/05/2008 283 1093
Th20W 11/01/2008 29.0 547 26/05/2008 293 483
Th21W 11/01/2008 283 825 26/05/2008 283 884
Th22W 11/01/2008 29.0 1443 26/05/2008 293 1571
* Completely buried underground
The period starting from January to March is considered as dry period in the Maldives. The 
survey in the Thimarafushi island was carried out on the 10^  ^and 11* of January 2008, and 
hence the wet season’s dilution effect would still be experienced by the well water in this 
island. The 2^  ^survey was carried out during May 2008 during which the effect of dry season 
might had been experienced depending on the rainfall intensity and exactly when the wet 
season started after the general dry period in the Maldives. During the dry season the 
groundwater salinity intensifies due to water loss through évapotranspiration and less 
groundwater recharge from rainfall. Therefore the impact of dry season caused the slightly
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increased well water SC observed during the 2"  ^ survey compared with the survey in the 
Thimarafushi island. However, impact of weather conditions for well water SC is not 
statistically significant (Mann Whitney U = 212.0, P value = 0.6531, a = 0.05). Therefore, an 
explicit seasonal impact (due to different levels of rainfall dilution) was not shown by these 
two sets of observations.
Owing to its very small size, all of the sampling locations in Thimarafushi island, are located 
within about 300m of the Ocean front. The observed well water SC showed a moderate (0.3 < 
Pearson, r < 0.7) correlation (R  ^ = 0.1641 & Pearson, r = 0.41; R  ^= 0.1572 & Pearson, r = 
0.34) (Graph 6.4) with distance from the shoreline. Therefore, sea water intrusion has an 
impact on the well water salinization in the Thimarafushi island.
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Graph 6.4: Plot of the well water specific conductivity values vs. distance to the coastline 
in the Thimarafushi island, during January and May, 2008.
Figure 6.18 illustrates the spatial distribution of the well water specific conductivity (SC) 
observations made during January and May 2008. The Northeast to southern part of the 
Thimarafushi island faces the Indian Ocean while the North and the Northwest coasts face 
Thaa atoll lagoon. For this reason, the east side of Thimarafushi island is experiencing 
comparatively more wave action and consequently sea water intrusion into the aquifer, than
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the north and northwest sides. This is a reason for the higher SC occurrence on the northeast 
to southern part of the Thimarafushi island compared with that in the western side. However, 
due to the very small extent of the Thimarafushi island, all parts of this island is within about 
300m of the Ocean. Therefore the difference in wave action may not be a major factor to 
having caused intense well water salinization seen on the northeast to southern part of this 
island compared with other sides.
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Figure 6.18: The areal distribution of the well water specific conductivity (pS/cm) 
observations from the Thimarafushi island during; (left) January and (right) May 2008.
The December 2004 tsunami waves hit the Thimarafushi island from the east side. The sea 
water inundation on the east side of this island has caused salinization of groundwater. But 
the extent of this effect is not known, because of the absence of pre-tsunami groundwater 
salinity records, for comparison. Nevertheless, the tsunami impact on the eastern side of 
Thimarafushi island’s aquifer could be the reason for the observed higher levels of SC in the 
eastern part of the island (wells ThOl, Th08, ThlO and Thl4 with SC values above 
2500pS/cm) compared with the western side.
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Unlike the case in Vilufushi island, the SC values of most of the well water samples tested in 
the Thimarafushi island was closer to pS ! cm. Even with complete inundation caused 
by the tsunami sea water, all (100%) of the Vilufushi island wells / excavation water showed 
SC values below 1500pS/cm, except one. By contrast, only 86% of the well water SC values 
observed in the Thimarafushi island were below 2500pS/cm, and none was less than 
500pS/cm. The post-tsunami conditions in the Vilufushi island differ from that of the 
Thimarafushi island in two respects;
o The reconstructed (after land reclamation) Vilufushi island was larger (61 ha) than the 
Thimarafushi island (14.5 ha). Hence Vilufushi island should receive more rainfall 
infiltration than Thimarafushi island, since both islands belong to the same atoll 
o Thimarafushi island well water was continuously exploited post-tsunami, whereas the 
Vilufushi island was evacuated post-tsunami and the groundwater was very much less, 
exploited right up to the time of the surveys in 2008.
The above mentioned factors are identified to be the reason for the higher SC values observed 
in the Thimarafushi well water. However, even with tsunami inundation, more than 86% of 
the well water samples showed SC values below 2500 juS ! cm indicating sufficient intensity 
and frequency of rainfall recharge, received by Thimarafushi aquifer over a period of about 3 
years, to dilute the post-tsunami salinity levels of the well water.
According to Table 6 .6 , observation locations Th09W, Thl5W, Thl7W, T h l8W, Thl9W, 
Th20W and Th21W showed SC values below lOOO/AS/cm, except Thl9W showed SC value 
slightly above IOOO/aS/cw, during the 2”^  survey. Thl5W is a mosque well. Water 
consumption in mosques is not as much as household level. In addition, owing to its 
(Thl5W) location towards the middle of the island the impact from saline water intrusion is 
less compared to coastal areas. This is the reason for the freshwater conditions (with SC 
<1000 pS ! cm) observed at well Thl5W.
Th09W is a school. Even though more groundwater pumping would be carried out in a 
school, to satisfy the pupil and staffs water demand (615 number of people in Thimarafushi 
island are falling in the age group 0-18 years; http://isles.egov.mv/), the school has a 
comparatively large open area, which will facilitate more rainfall recharge to the local 
groundwater body. This would be helping the groundwater at the locality of the school to
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have low SC values. In addition, the location of the school towards the middle of the island is 
also another reason for the observed low SC values.
Locations T hl8W, Thl9W and ThlOW are located on the west side of the island which faces 
the Thaa atoll lagoon. The west side of the island has an open area purposefully left for 
rainwater recharge of the aquifer. Therefore, even though the potential for sea water intrusion 
is present for wells T hl8W, Thl9W and ThlOW, the relatively more rainfall recharge on this 
side of the island helped in keeping the low salinity levels.
Well ThllW  is located next to two relatively open areas; school and cemetery. Hence 
groundwater in its locality is gaining comparatively good rainfall recharge. Therefore the 
well water at T hllW  has lower SC observations.
By contrast, being located on the eastern side of Thimarafushi island and located in a very 
dense residential area, Thl7W showed SC values below 1000pS!cm . The exact reason for 
the observed low SC values is unclear.
The well penetration observations in Table 6.7 are compared with each other based on the 
assumption of flat topography of the Maldives islands. In general, the well penetration 
observed during May 2008 is higher than that during January 2008 except for wells Th06 and 
Th07. The difference between these two batches of well penetration observations (Table 6.7) 
is statistically significant (Sum of signed ranks, W = -151.0, P value = 0.0051, a = 0.05). 
However January is the end of the wet season in the Maldives whereas May is the beginning 
of wet season. Therefore having gone through the dry season, it is logical to expect lower or 
similar well water thickness during May compared with that in January. Therefore the 
increment observed in the well water thickness during the 2 ”^  survey is not due to wet 
weather conditions.
Graphs 6.5 and 6.6 summarises the twice daily high and low water predictions for the period 
January and May 2008, for the Maldives islands made by the UH Sea Level Centre, 
University of Hawaii, USA, which was obtained from the Maldives Meteorological 
department. The predictions were made based on the tide data collected during June 1992 and 
June 1993, during which the mean sea level was 187.8cm above the datum. The zero point of
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the tide staff at the Hulule island of the Republic of the Maldives was used as the datum for 
this purpose.
Table 6.7 Well penetration into the groundwater at the wells in the Thimarafushi island.
Location ID
January 2008 May 2008
Date Well penetration (cm) Date Well penetration (cm)
ThOlW 09.01.2008 32 26.05.2008 39
Th02W 09.01.2008 38 26.05.2008 45
Th03W 09.01.2008 73 26.05.2008 78
Th04W 09.01.2008 56 26.05.2008 64
Th05W 09.01.2008 56 26.05.2008 63
Th06W 09.01.2008 58 26.05.2008 43
Th07W 09.01.2008 50 26.05.2008 47
Th08W 09.01.2008 49 26.05.2008 69
Th09W 10.01.2008 - 27.05.2008 -
ThlOW 10.01.2008 51 26.05.2008 69
ThllW 10.01.2008 47 27.05.2008 83
Thl2W 10.01.2008 22 27.05.2008 -
Thl3W 10.01.2008 62 27.05.2008 79
Thl4W 10.01.2008 54 27.05.2008 60
Thl5W 10.01.2008 - 27.05.2008 84
Thl6W 11.01.2008 63 26.05.2008 72
Thl7W 11.01.2008 31 26.05.2008 43
Thl8W 11.01.2008 67 26.05.2008 64
Thl9W 11.01.2008 68 26.05.2008 75
Th20W 11.01.2008 37 26.05.2008 55
Th21W 11.01.2008 58 27.05.2008 67
Th22W 11.01.2008 43 27.05.2008 -
Th23W - - 26.05.2008 35
Approximating the trend line in both plots as horizontal the predicted mean sea level with 
respect to the datum (zero point of the tide staff at the Hulule island) during January 2008 
was 187.4 cm whereas it is 189.75cm for May 2008. Therefore the tide table predicted a 
mean sea level rise of about 2.35cm in May 2008 compared to January 2008. When the sea 
level increases it will not only squeeze the freshwater lens and reduce its extent in the small 
islands, but also will lift the freshwater lens which is floating on top of saline (sea) water. 
This can be visualised with increased well water levels and thickness. Therefore the predicted 
sea level rise between January and May 2008 could be the reason for the observed increment 
in the well penetration in the Thimarafushi island during and the 2”^  surveys.
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Tide predictions for th e  M ale' island of th e  Maldives islands for
January 2008
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Graph 6.5: Tide prediction for Male’ island of the Maldives islands for January 2008.
Tide predictions for th e  M ale' island of th e  Maldives islands for May
2008
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Graph 6.6: Tide prediction for Male’ island of the Maldives islands for May 2008.
Based on the comparison between the well water SC values of the Vilufushi and 
Thimarafushi islands, it is understood that the completely inundated Vilufushi island, when 
left untouched under the natural rainfall recharge conditions recovered in well water salinity 
levels from post-tsunami well water salinity within a period of 3 years. The observed high SC 
values in the Thimarafushi island was not caused mainly by sea water intrusion, but because 
the post-tsunami well water salinization was not fully recovered, due to; 
o Continuous well water exploitation post-tsunami
o Lesser land area of the island and hence less rainfall recharge to dilute the tsunami 
induced well water salinization
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6.3.3 Veymandoo island
Veymandoo island groundwater sampling locations are presented in Figure 6.19. The spot 
measurements of well water SC made in the Veymandoo island (Table 6 .8) suggest that this 
island is not experiencing well salinization issues. According to Table 6.8 all (40 number of 
observations from both surveys) but 3 numbers of observations of the well water SC values 
fall between 500 and 1500 p  S/cm (the WHO maximum desirable limit for fresh water, Table 
4.2). However this island was selected for this study for the reason that this island was 
completely flooded with the tsunami brought sea water (UNDP, 2006).
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Figure 6.19: Groundwater sampling locations in Veymandoo island.
The south eastern and southern part of the Veymandoo island, which is a wooded area, is 
confronted by the Indian Ocean. The residential area of the Veymandoo island (North to 
East) is facing the Thaa atoll lagoon. Therefore the wave action on the residential side of this 
island is comparatively less than that on the vegetated area. Therefore the severity of the sea 
water intrusion issues on the residential area of the Veymandoo island will be less. V el7 
which is located relatively closer to the southern part of this island also showed SC values 
below 800/i S/cm. This implies that sea water intrusion is not a major issue in this island.
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Table 6.8 Comparison of the Specific Conductivity (SC @ 25®C) {pS ! cm) observations 
from Veymandoo island made during January and May 2008.
Location
ID
1** survey, January 2008 2"^  survey. May 2008
Date (D/M/Y) T(®C) SC (pS/cm) Date (D/M/Y) T(“C) SC (uS/cm)
VeOlW 12.01.2008 28.8 772 24.05.2008 29.4 1033
Ve02W 12.01.2008 28.4 1028 - - -
Ve03W 12.01.2008 27.7 711 24.05.2008 27.9 608
Ve04W 12.01.2008 27.9 965 24.05.2008 28.2 1178
Ve05W 12.01.2008 28.2 972 24.05.2008 29.0 1189
Ve06W 12.01.2008 27.8 621 24.05.2008 27.6 643
VeOTW 12.01.2008 27.2 1069 24.05.2008 28.4 977
Ve08W 12.01.2008 28.2 588 24.05.2008 28.9 588
Ve09W 13.01.2008 29.0 1210 24.05.2008 27.9 1156
VelOW 13.01.2008 29.5 1096 24.05.2008 29.0 1208
VellW 13.01.2008 28.3 833 24.05.2008 28.4 654
Vel2W 13.01.2008 27.6 756 24.05.2008 27.9 690
Vel3W 13.01.2008 28.4 466 24.05.2008 28.2 378
Vel4W 13.01.2008 28.2 731 24.05.2008 28.8 651
Vel5W 13.01.2008 28.6 712 24.05.2008 28.6 611
Vel6W 13.01.2008 28.7 860 24.05.2008 28.7 943
Vel7W 14.01.2008 30.2 762 24.05.2008 28.3 658
Vel8W 14.01.2008 28.3 582 24.05.2008 28.0 490
Vel9W 14.01.2008 27.7 814 24.05.2008 28.4 752
Ve20W 14.01.2008 27.6 690 24.05.2008 28.0 625
Ve21W 14.01.2008 29.2 1086 - - -
The well water quality study carried out by MWSA in the Veymandoo island on the 21®^  of 
March 2007, showed that all the wells studied in the vegetated area and 89% of the domestic 
wells had well water EC values lower than 1500 pS/cm. Only four wells (out of the total 42) 
showed well water SC above 1500 pS/cm. The mean observed well water SC values in both 
residential and cultivated area of the Veymandoo island (on the March 2C‘ 2007) was 
1084pS/cm with maximum and minimum values of 6715 and 121pS/cm, respectively. 
However, by January 2008, the well water salinity levels (Table 6 .8) had recovered to 
freshwater conditions with all the SC observations less than 1500pS/cm within a period of 
approximately three years post tsunami. Whereas in the case of Thimarafushi island only 
about 62% (during survey) and 52% (during 2"  ^ survey) of the sample SC value were 
below 1500 p  S/cm. Veymandoo island is bigger in size (40.8ha) than Thimarafushi (14.5ha). 
Therefore even with about half of the Island covered with dense trees and vegetation, 
Veymandoo island still has about 21.2ha of land (still bigger than Thimarafushi island) for
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rainfall recharge. Sinee both of these islands belong to the same atoll the rainfall experienced 
by these islands is similar. Therefore comparatively higher rainfall recharge received by 
Veymandoo aquifer helps maintaining the groundwater SC below 1500 p  S/em in contrast to 
Thimarafushi. Furthermore, the population density of Veymandoo island is 25 persons/ha 
compared with 166 persons/ha in Thimarafushi. Therefore, Thimarafushi island aquifer is 
subject to greater exploitation of groundwater and is more likely to be contaminated than 
Veymandoo. In addition, owing to its very small size, all of the sampling locations in the 
Thimarafushi island are within about 300m of the ocean. These are the reasons for the higher 
well water SC observations made in the Thimarafushi island than the Veymadoo island.
As with Thimarafushi island, both and 2”^  batch of sampling in the Veymandoo island 
were carried out at the fringes of the typical dry season in the Maldives. However, there was 
no significant effect for weather conditions on the well water SC (Mann Whitney, U = 169.0, 
P value = 0.4165, a = 0.05).
Figure 6.20 shows the spatial distribution of the observed well water SC values in the 
Veymnadoo island during January and May 2008. The well water sampling was carried out 
only in the residential area excluding the vegetation and woods area. According to Figure 
6.20, within the area sampled in the Veymandoo island, the southeast to south-western region 
showed lower well water SC values compared to other parts of the sampled area.
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Figure 6.20: The spatial distribution of the well water specific conductivity (pS/cm) 
observations from the Veymandoo island during; (left) January and (right) May 2008.
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A well sampling campaign carried out by MWSA during March 2007 (unpublished report) in 
the Veymandoo island showed that all of the well water salinity levels in the cultivation area 
were already below 1500pS/cm. Therefore the dilution impact of the freshwater occurring in 
the vegetation area could have caused the lower well water salinity levels (SC values) 
observed in the south-eastern to south-western region of the sampled area in Veymandoo.
The well penetration observed in the Veymandoo island (Table 6.9) was higher during May 
2008 compared with January 2008. The statistically significant (Sum of signed ranks, W = - 
71, P value = 0.0467, a = 0.05) difference among the well penetration from both surveys was 
caused (as discussed in the context of the Thimarafushi island) due to the predicted rise in the 
sea water level (Graphs 6.5 and 6 .6).
Table 6.9 Well penetration observed at wells in Veymandoo island.
Location ID
January 2008 May 2008
Date Well penetration (cm) Date Well penetration (cm)
VeOlW 12.01.2008 - 24.05.2008 -
Ve02W 12.01.2008 - 25.05.2008 125
Ve03W 12.01.2008 77 24.05.2008 76
Ve04W 12.01.2008 67 25.05.2008 64
Ve05W 12.01.2008 103 24.05.2008 102
Ve06W 12.01.2008 84 25.05.2008 72
Ve07W 12.01.2008 77 24.05.2008 80
Ve08W 12.01.2008 - 24.05.2008 -
Ve09W 13.01.2008 64 24.05.2008 85
VelOW 13.01.2008 - 24.05.2008 -
VellW 13.01.2008 60 24.05.2008 154
Vel2W 13.01.2008 78 25.05.2008 82
Vel3W 13.01.2008 66 25.05.2008 71
Vel4W 13.01.2008 70 24.05.2008 86
Vel5W 13.01.2008 - 24.05.2008 -
Vel6W 13.01.2008 75 24.05.2008 82
Vel7W 14.01.2008 - 25.05.2008 -
Vel8W 14.01.2008 73 25.05.2008 65
Vel9W 14.01.2008 67 25.05.2008 89
Ve20W 14.01.2008 56 25.05.2008 70
Ve21W 14.01.2008 59 25.05.2008 69
Graphs 6.7 and 6.8 illustrates a comparison between the Ocean tide and well penetration 
observed at two sampling locations (Ve03 and 21) in the Veymandoo island. According to
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Graphs 6.7 there is a time lag eorrelation present between the well penetration and the tide. 
Even though Graph 6.8 also illustrate a time lag correlation between the two, the correlation 
is not very clear, because the well penetration would have been disturbed prior to the 
observations were taken due to well abstraction.
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Graph 6.7: Comparison of the well penetration at Location ID Ve03 against Tide height 
in the Veymandoo island on 25.05.2008.
2 5 0
200
-  86
r  8 4^  1 5 0
r  8 2
®  100 V 8 0
00:00 0 2 : 2 4 0 4 : 4 8 0 9 : 3 6 12:00 
Time (hh:mm)
1 4 : 2 4 1 9 : 1 2 2 1 : 3 6 00:000 7 : 1 2 1 6 : 4 8
Tide heights Well penetration
Graph 6.8: Comparison of the well penetration at Location ID Ve21 against Tide height
in the Veymandoo island on 30.05.2008.
The day time SC depth profile observed at Ve03 on 25.05.2008 and Ve21 on 30.05.2008 are 
plotted on Graphs 6.9 and Graph 6.10 and compared with the tide data.
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Graph 6.9: Comparison between the day-time SC depth profiles observed at location 
Ve03 in the Veymandoo island and the tide on the 25.05.2008.
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On the 25* of May 2008 the first high tide occurred at 3:00 am followed by the first low tide 
at 9:18 am (Graph 6.9). The period in between 3:00 am and 9:18am the time lagging impact 
fi*om high tide is felt by the Veymandoo island. Therefore the SC depth profile data as at 7:45 
and 8:55 am at Ve03 showed the well water SC values increasing in the lower levels (closer 
to well bottom) of the well water, due to mixing of fresh and saline water at the interface 
during high tide. Even though the first low tide occurred at 9:18 am on 25.05.2008, the SC 
depth profile observation at 10:55 at Ve03 shows that the full depth of well water has 
experienced increased SC values. This could be a combination of impacts from high tide 
which causes freshwater-saline water mixing (due to the underlying saline water being 
pushed upward by the high tide) at the interface and well water abstraction which cause the 
salinity level within the well water at different levels to get mixed. The SC depth profile at 
13:10 showed slight reduction in the observed SC values in the upper part of the well water. 
However at 15:15 the well water SC values remained higher than what was observed in the 
early morning. The 2”^  high tide occurred at 16:11. However at 17:05, the well water SC 
depth profile showed decreased SC values along the well water depth, which could be due to 
time lagging impact from the low tide occurred at 9:18 am and well water abstraction pattern.
On the 30* of May 2008, the first low tide occurred at 2:15 am followed by the first high tide 
at 9:25am (Graph 6.10). Up till 11:10 am at Ve25, the well water SC depth profile data 
showed no significant variation (between 1160 and 1170pS/cm) might be a result of well 
water abstraction and consequent mixing of the well water. The depth profile observation at 
12:00 noon at Ve21 showed increased SC values at the bottom well water level. However 
even after the high tide at 9:25 am the well water SC values did not change much along the 
well water depth at Ve21 up till 17:05 pm.
Sampling location Ve03 is located about 50m away from the coast on the lagoon side of the 
Veymandoo island. The close proximity to the sea from the sampling location Ve21 is at the 
lagoon side of the Veymandoo island. The Ve21 is located about 200m away from the coast. 
The impact of the high tide could get dampened as it progresses through the pore spaces of 
the aquifer towards the middle of the island. Therefore it may be because of different 
proximities to the sea from these two sampling locations Ve03 and Ve21, the Ve03 showed 
slight changes in the well water SC values with ocean tide whereas a small variation of SC 
was only observed at the bottom well water level was experienced at Ve21.
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The findings from the well water SC measurements made in Veymandoo island ean be 
summarised as:
o The post-tsunami well water salinity levels in the Veymadoo island was recovered to 
freshwater conditions over a three year period, 
o The Ocean tide causes a time lagging fluctuation in the well penetration 
o Depending on the proximity to the sea, the ocean tide cause increased SC values in the 
dug well water
6.3.4 Burunee island
Figure 6.21 shows the Burunee island well water sampling locations on the ArcGis map of 
Burunee. The residences of the Internally Displaced Population (IDF) from Vilufushi island 
are mostly concentrated on the western side of the Burunee island. The number of IDF 
(Internally Displaced Population) residing in the Burunee island (2018) is more than three 
times higher than the native population of Burunee island (566). The left and right extremes 
of the Burunee island (which is not covered with observation wells) are uninhabited area, 
even though planned house plot areas are marked on the island map (Figure 4.12).
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Figure 6.21: Groundwater sampling locations in Burunee island.
Table 6.10 compares the well water SC observations made during January and May 2008, 
which are generally wet months in the Burunee island. During January 2008 all sixteen 
sample locations showed SC values below 2500 juS / cm (the maximum limit for fresh water. 
Table 4.2). During the 2"  ^survey in May 2008, 12 out of 16 numbers of samples showed SC
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values below 2500 pS  I cm. About 69% of the well water samples during January and 56% of 
the samples during May 2008 showed SC values below \500pS!cm . These observations 
(except at ID B13) indicate that overall the well water quality in the Burunee island is not 
suffering from severe salinization issues.
Table 6.10 Comparison of the Specific Conductivity (SC 
from the Burunee island during January and May 2008.
25®C) {pS !cm )  observations
Location
ID
January 2008 May 2008
Date (D/M/Y) T("C) SC (pS/cm) Date (D/M/Y) T("C) SC (pS/cm)
BOIW 15.01.2008 28.1 578 28.05.2008 27.6 577
B02W 15.01.2008 28.2 692 28.05.2008 28.1 1190
B03W 15.01.2008 28.4 1701 28.05.2008 25.8 167
B04W 15.01.2008 28.2 926 28.05.2008 28.3 1082
B05W 15.01.2008 27.9 1199 28.05.2008 27.7 1407
B06W 15.01.2008 28.3 809 28.05.2008 28.4 1108
B07W 15.01.2008 28.6 778 28.05.2008 28.9 1080
B08W 15.01.2008 28.5 2145 28.05.2008 28.3 1787
B09W 16.01.2008 28.6 482 28.05.2008 28.5 525
Blow 16.01.2008 29.4 879 28.05.2008 28.9 2829
BllW 16.01.2008 29.2 890 28.05.2008 28.7 2055
B12W 16.01.2008 29.5 2066 28.05.2008 29.5 4991
B13W 16.01.2008 28.6 2468 28.05.2008 29.0 11,148
B14W 16.01.2008 28.7 932 28.05.2008 29.1 2680
B15W 16.01.2008 28.6 1553 28.05.2008 28.5 1837
B16W 16.01.2008 27.6 499 28.05.2008 29.5 1123
A general increment is seen in the well water SC during May 2008 compared with that during 
January 2008. This eould be an impact of the dry season falls in between these two months. 
During the dry season groundwater salinity intensifies due to water loss through factors such 
as evapo-transpiration and less groundwater recharge with rainfall. Also the post tsunami 
freshwater lens recovery is dependent on the degree of exploitation of well water post 
tsunami. The notably high increment observed in the wells located in the IDP camp area is 
likely to be a result of intensive continuous exploitation of well water post tsunami, due to the 
high population density in this camp area. Rainwater collected from a roof (or roofs) is 
directed into the well ID B03W. Hence, reeent rainfall events prior to the 2"  ^ set of survey 
carried out in Burunee island could have caused the dramatic fall in well water SC at well ID 
B03W. The reason for the drop in well water SC at B08W cannot be explained on the basis of 
the data available.
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The spatial distribution of the well water SC values in January and May 2008 are presented in 
Figure 6.22. The northern, southern and western parts of the Burunee island is experiencing 
higher well water SC values. Due to the very narrow width (about 380 m) of this island, sea 
water intrusion is the reason for the higher SC observations in the northern and the southern 
parts of this island.
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Figure 6.22: The spatial distribution of the well water specific conductivity (pS/cm) 
observations from the Burunee island during; (top) January and (bottom) May 2008.
O exceptional high spot
All four locations (BIO, B12, B13 and B14) which showed SC values above 2500 juS/ cm 
during May 2008 are located within the IDP camp area which is densely populated and
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where, on average one well is shared by two or three houses. Therefore, well water 
exploitation in the IDP camp area was higher than the normal residential area of the Burunee 
island. Therefore, a combination of over exploitation of well water together with sea water 
intrusion caused much highest well water SC values in these wells. The reason for the 
exceptionally high well water SC observed at B13 is not clear. Thirteen out of the sixteen 
wells (including B13) studied in the Burunee island used mechanical pumping of well water 
on demand, using electric motors. Therefore well water abstraction rate higher than the safe 
yield of the aquifer, which could cause up-coning of freshwater-saline water interface, could 
be a reason for the exceptionally high values observed at B13.
The observed well penetration in the Burunee island during May 2008 is higher than that 
during January 2008 (Table 6.11) and the difference is statistically significant (Sum of signed 
ranks, W = -136.0, P value = 0.0005, a = 0.05). The sea water level increase (Graphs 6.5 and 
6 .6) is reason the higher well penetration observations made during May 2008 than in 
January 2008.
Table 6.11 Well penetration at the wells in Burunee island.
Location ID
January 2008 May 2008
Date Well penetration (cm) Date Well penetration (cm)
BOIW 15.01.2008 50 28.05.2008 80
B02W 15.01.2008 63 28.05.2008 86
B03W 15.01.2008 61 28.05.2008 80
B04W 15.01.2008 62 28.05.2008 • 84
B05W 15.01.2008 92 28.05.2008 111
B06W 15.01.2008 79 28.05.2008 102
B07W 15.01.2008 70 28.05.2008 73
B08W 15.01.2008 75 28.05.2008 95
B09W 16.01.2008 70 28.05.2008 84
Blow 16.01.2008 85 28.05.2008 95
BllW 16.01.2008 87 28.05.2008 92
B12W 16.01.2008 68 28.05.2008 82
B13W 16.01.2008 74 28.05.2008 90
B14W 16.01.2008 72 28.05.2008 87
B15W 16.01.2008 85 28.05.2008 104
B16W 16.01.2008 55 28.05.2008 80
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6.3.5 Fenfushi island
Fenfushi island groundwater sampling locations are presented in Figure 6.23. Only one set of 
well surveillance samples was carried out in this island. Table 6.12 summarizes the well 
water SC observations made in Fenfushi island during February 2008.
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Figure 6.23: Groundwater sampling locations in Fenfushi island.
Table 6.12 Well water Specific Conductivity (SC @ 25 C) {juS!cm) observations 
the Fenfushi island during February 2008.
from
Location ID Date (M/D/Y) SC {pS I cm) T (“C)
FOl 7/2/2008 1011 29.3
F02 7/2/2008 367 29.1
F03 7/2/2008 3104 28.9
F04 7/2/2008 1139 27.6
F05 7/2/2008 874 27.8
F06 7/2/2008 887 27.0
F07 7/2/2008 1661 28.2
FOB 7/2/2008 778 27.1
F09 8/2/2008 2353 28.3
FIO 8/2/2008 7501 27.5
Fll 8/2/2008 1689 27.8
F12 8/2/2008 1689 27.8
F13 8/2/2008 4203 27.8
F14 8/2/2008 422 28.3
F15 8/2/2008 1068 28.2
F16 8/2/2008 928 29.0
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About 56% of the well water samples tested in the Fenfushi island complied with WHO 
desirable limit (1500pS/cm) for salinity (Table 6.12). About 81% of the samples comply with 
the maximum limit (2500|iS/cm) of fresh water. Except the mosque wells (F02 and F14) all 
other wells showed SC values above 500pS/cm (upper limit of very fresh water, Table 4.2).
The spatial distribution of the well water SC observations is plotted on the Fenfushi island 
map in Figure 6.24. As shown in Figure 6.23, this island has two big open spaces and two 
football grounds which can act as natural rainwater infiltration gallery. As the west side of the 
island is uninhabited and has big open land with football ground (for rainfall infiltration), the 
level of groundwater contamination on this side should be lower than the east side of 
Fenfushi island. This effect is clearly observed in the SC spatial variation map in Figure 6.24. 
In Figure 6.24, the concentration of SC was higher around F03 and in the southeast to 
southwest region of the island.
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Figure 6.24: The spatial distribution of the well water specific conductivity (pS/cm) 
observations from the Fenfushi island during February 2008.
Owing to the very small area of the Maldives islands it was concluded (section 6.3.2) that the 
sea water intrusion levels on the island side facing the Ocean and the lagoon cannot be 
readily differentiated. Therefore the observed higher concentration of the SC values (Figure 
6.24) in the above mentioned locations in the Fenfushi island could be a result of sea water 
intrusion induced by over exploitation of well water. For example the well at location F03 is
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buried under the ground and the well water is abstracted by electric motor on demand. The 
continuous usage of electric pump together with the proximity of F03 to the sea are the likely 
causes of the higher well water salinization at this location. The extreme value of FIO could 
be a result of its location within 70m from the sea on two sides and sea water intrusion due to 
over exploitation of well water.
The year 2004 tsunami impact on Fenfushi island was limited to significant flooding (Table 
6.1). The tsunami hit the island from the east side. This is another reason for the observed 
higher well water SC values on the eastern to southern region of this Island. The Fenfushi 
island inhabitants continued to live in the same island post-tsunami. Therefore continuous 
well water exploitation post-tsunami have retarded the recovery of the freshwater lens. 
However, the open areas in the southern part of the Fenfushi island is not exploited for well 
water abstraction, yet the well water SC values remain high. Also compared to other study 
islands, the tsunami impact felt by the Fenfushi island is less in scale and hence lesser impact 
on the well water salinity levels is expected. Therefore the observed higher SC values in the 
Fenfushi island were mainly due to the sea water intrusion problem.
6.3.6 Daravandhoo island
The well water sampling locations in Daravandhoo island are shown in Figure 6.25. Two sets 
(during October and December 2008) of well water sampling were carried out in this island.
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Figure 6.25: Well water sampling locations in Daravandhoo island.
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All (both from and 2"  ^ survey) of the spot well water SC observations made in 
Daravandhoo island were below 1500 // S/cm (the desirable limit for freshwater) (Table 
6.13). This island is surrounded by the Baa Atoll lagoon. Therefore the ocean wave action on 
this island will be less compared to other islands which directly face the ocean waves and 
currents. Also about half of this island is uninhabited. Therefore the groundwater exploitation 
will be relatively lesser in this island compared with other islands. These are the reasons for 
the presence of freshwater observed at all the study wells. The higher SC concentration 
observed towards the northern side (Figure 6.26) of this island might be a result of presence 
of the Jetty and which could have induced more wave actions.
Table 6.13 Comparison of the Specific Conductivity (SC @25®C) observations made in 
Daravandhoo island during the October and December 2008.
Location ID
Specific Conductivity ( p  S/cm)
1®* survey (17/10/2008) 2"“ survey (16/12/2008)
1 1035 897
2 755 680
3 919 634
4 1270 1001
5 1159 1092
6 1113 1050
7 762 -
8 1149 1001
9 - 1253
10 - 1042
The period from May to December is wet season in the Maldives islands. Therefore both sets 
of well water surveys (during October and Deeember 2008) carried out in the Daravandhoo 
island represent wet weather conditions. The natural recovery of the freshwater lens post 
tsunami is dependent on rainfall recharge. The continuous wet weather conditions 
experienced during the period from October to December 2008 might have caused increased 
freshwater lens thickness with continuous rainfall recharge. Because the well water 
abstraction rate is lower in the Maldives islands due to mainly manual abstraction of well 
water. This is the reason for the decreasing trend observed in the well water SC during the 
December survey when compared with October survey. It is noteworthy that all SC values 
are lower during the second survey. However the observed difference in the well water SC 
from both surveys is not statistically significant (Sum of signed ranks, W = 25.00, P value = 
0.0156, a = 0.05).
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Figure 6.26: The spatial distribution of the well water specific conductivity (pS/cm) 
observations from the Daravandhoo island during; (top) October and (bottom) 
December 2008.
A comparison of the temporal variation of SC observations at four locations (IDs 1 , 2 ,9  and
10) and Tide (height obtained from the Meteorological Department of the Maldives) in 
Daravandhoo island is plotted on Graph 6.11. All four locations studied for temporal 
variation of SC are located about 200m away from the coast. The SC measurements for 
temporal variation assessment were taken by submerging the EC probe into the well water in 
the studied wells, with no concern about the sampling depth. As soon as the EC probe was 
fully submerged in the well water the measurements were taken. The SC measurements 
represent values at a depth of about 15cm below the well-water table. The findings made 
from the data plotted in Graph 6.11 are;
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o Freshwater conditions prevail in the sampling locations with all spot SC measurement 
lying between 500 p  S/cm and 1500 p  S/cm (maximum desirable limit) 
o The well water SC at all four locations showed almost no variation during a day, and over 
the four days studied, irrespective of the high and low tides and corresponding variation 
(Graphs 6.12 to 6.15) observed in the well penetration. Therefore, the ocean tide has no 
impact on the shallow well water specific conductivity levels 
o The current well water abstraction pattern (mainly using manual abstraction together with 
demand driven abstraction using electrical motors for mainly toilet flushing) do not cause 
well water salinization due to up-coning of the freshwater-saline water interface.
Temporal variation of the well water specific conductivity at Location IDs 1, 2 ,9  and 10 
in the Daravandhoo Island, during December 2008
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Graph 6.11: Comparison of the temporal variation of the well water specific 
conductivity at four locations and tide in the Daravandhoo island during December
2008.
Using the SC depth profile observations made at four locations (IDs 1 , 2 , 9  and 10) during 
day-time over a four day period in Daravandhoo island during December 2008, the temporal 
variation of the well penetration and tide height are compared in Graphs 6.12 to 6.15. A time 
lagging sinusoidal pattern of the well penetration following the ocean tide is seen in these 
graphs, except where points are missing. During the high tide the freshwater lens is almost 
being pushed upward by the underlying sea water with the tide pressure. Therefore the well 
penetration increases (the phreatic level is raised). The opposite happens during the low tide 
and lowering of the well-water table was observed.
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Observed well penetration at Location ID 1 and Ocean tide in the Daravandhoo Island
during December 2008
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Graph 6.12: Comparison of well penetration at Location ID 1 against Tide height in the 
Daravandhoo island during December 2008.
Observed well penetration at Location ID 2 and Ocean tide in the Daravandhoo Island
during December 2008
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Graph 6.13: Comparison of well penetration at Location ID 2 against Tide height in 
Daravandhoo island during December 2008.
The amplitude of change in well penetration were not similar to the tidal variation because 
the fresh water and saline water mixing happening in the brackish zone of the aquifer during
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the high tide lowers the freshwater lens thickness during the high tide and dampens the 
relative upward shift of the groundwater table corresponding to high tide and vice versa.
Observed well penetration at Location ID 9 and Ocean tide in the Daravandhoo Island
during Deember 2008
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Graph 6.14: Comparison of well penetration at Location ID 9 against Tide height in the 
Daravandhoo island during December 2008.
Observed well penetration at Location ID 10 and Ocean tide in Daravandhoo island
during December 2008
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Graph 6.15: Comparison of well penetration at Location ID 10 against Tide height in 
the Daravandhoo island during December 2008.
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6.3.7 The Negombo region
The map of the well water sampling locations in the Negombo region is presented in Figure
6.27. The SC observations from the Negombo region are grouped according to selected EC 
ranges summarised in Table 6.14, according to Falkland’s (August 2001, p33) classification 
of water salinity levels (Table 4.2) and Sri Lanka drinking water standards (Table 3.6). 
According to Table 6.14, well water from 94 locations (out of 101, i.e. 93%) satisfied the Sri 
Lanka Maximum desirable limit (750pS/cm) for drinking water. Altogether 98 locations (out 
of 101, i.e. 97%) satisfied the WHO maximum desirable limit for chloride (equivalent to 
approximately l,500pS/cm). Out of the total 101 number of (both tube and open dug) wells 
studied in the Negombo region, only two of the tube wells with hand pumps (Location ID 6 
and 100) and one tube well with mechanical pump (location ID 4) exceed Falkland’s (August 
2001 , p33) guideline value for maximum permissible limit of fresh water and are thus 
classified as mildly brackish water. Interestingly, those three locations were less than 1km 
from the sea/Negombo lagoon carrying sea water (Figure 6.31) (fD4 -  0.63km and IDIOO -  
0.94km from the sea; ID6 -  0.31km from the lagoon).
Table 6.14 Categorisation of the electrical conductivity observations made in the 
Negombo region.
Electrical 
conductivity 
range (pS/cm) Description
Type of groundwater point source (n)
Total
Open
dug
well
Tube well 
with hand 
pump
Tube well with 
mechanical 
pump
0 - 100* Rainwater 20 1 0 21
100-250 30 1 3 34
250 -  500* Very fresh groundwater 23 3 2 28
500-750**
750pS/cm = Sri Lanka, 
maximum desired level 11 0 0 11
750- 1,500* Fresh groundwater# 4 0 0 4
1500-2,500*
2,500pS/cm= Maximum 
limit of freshwater 0 0 0 0
2,500-3,500**
3,500pS/cm = Sri Lanka, 
maximum permissible 
level 0 2 1 3
3,500 -  5,000*
2,500 -  5,000pS/cm = 
Mildly brackish water 0 0 0 0
10,000-50,000* Very brackish water 0 0 0 0
50,000-55,000* Seawater 0 0 0 0
Total 7 6 101
NB: * Falkland (August 2001, p33); ** SLS drinking water standards; 614: 1983, Part I;
#l,500pS/cm = Desirable limit of freshwater based on WHO guideline for chloride (250 mg/L)
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Figure 6.27: The sampling locations in the Negombo region plotted on the study areas.
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The high SC observations at locations ID 4, 6 and 100, are probably due to the following 
reasons;
Local up-coning of the fresh water-saline water interface developed by over abstraction
of groundwater (well above the safe yield of the groundwater aquifer) using tube wells.
Sea water intrusion
Close proximity to the Negombo lagoon
The spatial distribution of the well water SC values observed during the study period in 2007 
is plotted on the map of the Negombo region in Figure 6.28. The SC values observed along 
the coastal region are below the WHO maximum desirable limit for fresh water except the 
three locations (Locations ID 4, 6 and 100) which are classified as mildly brackish (Figure
6.28, Table 6.15). Therefore the spatial distribution of the observed SC values implies that 
sea water intrusion problem is not experienced in the study areas in Sri Lanka. This is in 
agreement with Villholth and Rajasooriyar (2010) who claimed that the sea water intrusion 
problem is not recorded in Sri Lanka so far. Therefore the much higher SC observations at 
locations ID 4, 6 and 100 may not be exclusively caused by sea water intrusion alone.
The tsunami impact on the Negombo area (Section 6 .1.2) was limited to the Negombo lagoon 
and the coastal sand dunes (UNEP, 2004, p64). Even though sampling locations ID 1, 2, 3 
and 7 are located closer to the Negombo lagoon, those wells did not experience salinization 
issues. No records of well water SC post-tsunami at these locations are available to know 
whether those wells experienced salinization issues post-tsunami and to compare the SC 
values with the observations made during the field work of this study. In the absence of the 
information about the well water SC values post tsunami, on the basis of the data which could 
be made available in this project, no conclusion can be made about whether the well water 
salinity has been badly affected by the tsunami impact and whether it has recovered over a 
period of two years (2005 -  2007). Based on the SC observations made in this study, it can be 
concluded that in general the Negombo lagoon is not a major cause of well water salinization 
and hence not the major source of the much higher SC observed at locations ID 4, 6 and 100.
Out of the three locations (ID 4, 6 and 100), only tube well at location ID 4 was mechanically 
pumped while the other two employed hand pumps. Hand pump usage is unlikely to cause 
up-coning o f  the local freshwater -  saline water interface. However, if the interface is at
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shallow depth such as in coastal area or near a salt water lagoon (such as the Negombo 
lagoon), then, even with hand pump usage the interface can be tapped. Therefore, the high SC 
observations at these three sites are related to the combined effect of high usage of tube wells 
for groundwater abstraction and the location of these points near the coast and the lagoon.
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Figure 6.28: The spatial distribution of the well water specific conductivity (pS/cm) 
observations from the Negombo region during year 2007.
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Therefore in summary,
o the great majority of well water samples satisfy the requirement of the Sri Lanka 
drinking water standard (93 %), and the WHO guideline (97%) for freshwater 
o sea water intrusion problem is not experienced in the study area (The Negombo region) 
in Sri Lanka
o in the absence of well water salinity data post-tsunami and due to the generally fresh 
water conditions observed in the wells located in the vicinity of the Negombo lagoon, no 
conclusions can be made as to whether the year 2004 tsunami sea water caused well 
water salinization issues, and whether the well water has recovered from salinization 
with the help of which factors.
The well surveillance in the Negombo region was carried out during the period starting from 
January to May 2007. The Negombo region is located on the western part of Sri Lanka 
(Figure 3.1). The south to western part of Sri Lanka experiences wet season from May to 
August. Therefore the findings made from the Negombo region field work can be related to 
dry weather conditions. The well water salinity generally decreases during the wet season due 
to dilution with rainfall recharge. The well surveillance carried out during the dry season 
highlighted that the well water salinization and sea water intrusion is not a major issue in the 
Negombo region. Therefore obviously it would not be a major issue during the wet season 
also. Therefore the findings made from the Negombo region surveillance study can be 
applicable to both wet and dry weather conditions in this region.
6.4 Discussion
Well water / groundwater salinization
The groundwater salinization in the coastal areas are mainly dependent on proximity to the 
sea, level of well / groundwater exploitation and rainfall recharge. In the context of very 
small coral islands which are also characterized with dual aquifers (Subsection 2.2.1), the 
groundwater salinization is dependent on population density, rate of well / groundwater 
exploitation, rainfall recharge, area of the island, island width and tidal pressure waves.
The study areas in Sri Lanka were located close to each other and experiences similar 
weather conditions (rainfall recharge). The analysis of the well water SC observations made 
from the Negombo region highlighted that sea water intrusion and over exploitation of well
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water on its own are not, at present, major causes of well water salinization in this region. 
However the higher SC observations made at three tubes wells (ID 4, 6 and 100) showed that 
the combined effect of proximity to the saline water body and over exploitation of tube well 
water causes well water salinization.
The analysis of the well water SC observations made in the Maldives islands and the 
comparison of well water SC made together with site conditions in Table 6.16 highlighted 
that;
o Due to the current well water abstraction practices followed in the remote Maldives 
islands, well water salinization due to up-coning of freshwater and saline water is unlikely 
to occur
o The ocean tide causes time lagging fluctuation in the well water table (Vilufushi island, 
section 6.3.1; Daravandhoo island, section 6.3.6) due to the freshwater lens being pushed 
upward by the underlying sea water during the high tide and vice versa. This effect is 
dampened compared to the actual amplitude of variation in the tide heights due to 
freshwater-saline water mixing also happening at the interface during high tide 
o No impact (/fluctuation) on well water SC was caused by tidal pressure waves (Vilufushi 
island, section 6.3.1; Daravandhoo island, section 6.3.6) 
o Sea water intrusion is an ever present potential threat to the freshwater aquifer in small 
islands. Even though the Maldives islands have certain parts of their coastline facing the 
ocean tide and currents, while the rest face the lagoon with less wave action, the very 
small island widths (such as those which are <300m width) means that the impact on the 
exposed ocean side will be felt by all parts of the island. Therefore the impact of sea 
water intrusion might not be readily differentiated from ocean side to the lagoon side. 
However, in islands with small width (e.g. Burunee) sea water intrusion was more evident 
than in wider islands (e.g Veymandoo) 
o Compared to other study islands in the Maldives, the Fenfiishi island experienced a lesser 
impact (in terms of inundation) from the year 2004 tsunami sea water intrusion. 
Consequently, the higher SC values observed at the northwest and the southeast to 
southwest sides in this island is seen as a result of over exploitation of well water which 
caused sea water intrusion, 
o Since the Maldives islands are rich in rainfall and with similar geological conditions, the 
impact of rainfall and geology on well water salinization was not readily understood.
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Recovery of freshwater conditions post tsunami
Natural disasters such as tsunami impact also affect the groundwater salinization. Table 6.16 
summarises the mean, maximum and minimum well water SC values observed in the study 
islands. These observations are compared with the maximum desirable (1500pS/cm) and 
permissible (2500pS/cm) limit of EC for freshwater. According to Table 6.16:- 
o Thimarafushi island during both January and May 2008, 
o Burunee island during May 2008, and, 
o Fenfushi island during February 2008,
had maximum observed SC values which did not satisfy the maximum permissible limit 
for freshwater. The year 2004 tsunami impact on the Fenfushi island was less compared to 
Thimarafushi and Burunee islands (Table 6.1). The high SC observations made in Fenfushi 
island were due to sea water intrusion and not mainly due to tsunami impact (section 6.3.5).
The level of tsunami impact on Burunee was less than that in Thimarafushi island. However, 
the ID? from the Vilufushi island were displaced to the Burunee island and continued to over 
exploit the tsunami affected aquifers in Burunee island. Therefore the recovery of the 
Burunee aquifer to freshwater conditions was retarded by the continuous and over 
exploitation of the Burunee aquifer. Thimarafushi island experienced high tsunami impact 
with complete sea water flooding. This island is very small and so would be the amount of 
rainfall recharge. The inhabitants of this island continued to live in this island post-tsunami. 
Therefore continuous exploitation of well water together with less rainfall recharge did not 
help the Thimarafushi island to fully recover to the freshwater condition within 3 years post 
tsunami.
Among all the study islands in the Maldives, Vilufushi island experienced the highest
tsunami impact with complete seawater inundation. Hence the Vilufushi population was
displaced to neighbouring islands. The extent of the original Vilufushi island (16ha) was 
expanded (61 ha) with land reclamation, and only construction labourers lived on this island, 
during the post-tsunami study period. According to the reconstruction work schedule the 
Vilufushi island inhabitants could have been returned to their native island during the year
2009. Therefore with the natural recovery with rainfall recharge, and due to no/very much 
less exploitation post-tsunami, the Vilufushi island well water SC values exhibited recovery 
to freshwater conditions over the 3 years.
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In the absence of well water salinity data post-tsunami and due to the generally fresh water 
conditions observed in the wells located in the vicinity of the Negombo lagoon, no 
conclusions can be made as to whether the December 2004 tsunami sea water caused well 
water salinization issues, and whether the well water has recovered from salinization with the 
help of which factors.
Therefore the well water SC observations made in the study areas showed that the post­
tsunami well water salinity level is dependent on; 
o The level of tsunami impact 
o The rainfall recharge to the aquifer, and, 
o Post-tsunami exploitation of the well water / aquifer
Therefore the hypothesis HI of this research study that, ‘the adverse impact on post-tsunami 
groundwater quality, mainly groundwater salinization, is a long term critical drinking water 
quality issue in the tsunami affected areas’ could not be verified. It is however a major 
medium term problem where alternative water sources are not available.
6.5 Recommendations
The major factor which can be controlled by water experts post-tsunami in the recovery of 
the well water salinity is the level of well water exploitation. Lessons learned from this study 
and literature review were, that post-tsunami well water salinization could not be remedied by 
pumping out the wells, and the recovery is delayed due to the disturbances made to the 
aquifer such as continuous well water exploitation. Therefore the best practice for post­
tsunami groundwater recovery from salinization is to leave the aquifer untouched (if 
possible), or to at least partially complement the groundwater source with another water 
source to reduce the disturbances made to the aquifer. Low pumping rates, or avoiding 
mechanical pumping using electrical motors, and carrying out manual abstraction for 
domestic purposes in the tsunami affected areas, will also be helpful in the recovery of the 
freshwater lens post tsunami.
Since the 1980s rainwater harvesting has been practiced in the Maldives islands mainly for 
drinking water needs. Currently only half of the roof area is exploited for rainwater 
harvesting. The amount of rainwater harvested in the Maldives islands can be increased by
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increasing the roof area used for this purpose. Redirecting excess rainfall into the well will 
also help to dilute the well water salinity levels. The same practice can be followed in all the 
areas which experience tsunami induced groundwater salinization. Using on-site easy sand 
filters (e.g. in a bucket) to filter the rainwater before directing into the well will help to 
enhance the microbiological quality of the rainwater being directed into the well. When the 
post-tsunami rainfall conditions are not favourable for rainwater harvesting to support the 
day-to-day water consumption needs, a search for alternative water sources, such as surface 
water exploitation or désalinisation (if affordable) can help to lower the disturbance made to 
the aquifer post-tsunami.
Care should be taken during displacing the inhabitants from tsunami affected areas to another 
place which could also have been affected by the tsunami (but lesser degree as in the case of 
Burunee island), or a non-affected area. Over exploitation of groundwater concentrated in a 
small area will lead to groundwater salinization and /or retard the recovery of the salinization. 
Therefore the displaced populations need to be carefully re-located to other areas.
The field study carried out in the Negombo region to understand the post-tsunami well water 
quality indirectly highlighted the importance of regular surveillance of wells with proper 
maintenance of records of well water quality.
Over exploitation of groundwater is a major issue which can cause permanent groundwater 
salinization by the following mechanisms: a) upconing of the freshwater-saline water 
interface; b) sea water intrusion; and, c) accumulation of chlorides in the soil and 
groundwater due to continuous usage of on-site sanitation systems. Due to the mainly manual 
well water abstraction practices in the Maldives up-coning of the interface is not a major 
issue in these islands. Care should continuously be exerted in maintaining similar abstraction 
rates to prevent the up-coning effect in future. Owing to the very small size of these islands 
sea water intrusion will be a potential threat to the aquifers. The Maldives have high rainfall. 
Therefore, as discussed in the previous paragraphs, redirecting the excess/all rainfall 
collected from the roof into the well, preferably with easy on-site filtration, will help to 
maintain the freshwater lens safe by suppressing the interface with ample rainfall recharge. 
Due to the very vulnerable hydrogeological conditions prevailing in the Maldives islands, 
twice per year (once in wet and also in the dry season), well water quality monitoring for
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specific conductivity and a survey on groundwater abstraction practices will help to monitor 
the well water salinity levels in the Maldives islands.
Thanks to the rivers which originate from the mid-land hilly area of Sri Lanka draining 
through the coastal plains into the sea, sea water intrusion is, in general, is not a major issue 
in Sri Lanka and particularly in the Negombo region. The observed well water specific 
conductivity also indicates that up-coning of the interface is also not an issue in the Negombo 
region. However, compared with the Maldives islands where dug wells are the groundwater 
source, the Negombo region has the practice of using tube wells for groundwater 
exploitation. However, this is not yet a major practice. Tube wells have higher potential to 
cause up-coning effect compared with dug wells, due to narrow but deep drawdown of 
groundwater table when tube wells are used. Therefore, owing to the very vulnerable 
hydrogeological conditions prevailing in the Negombo region, twice per year (in the wet and 
dry season) well surveillance for specific conductivity and well water abstraction rates can be 
carried out in the Negombo region to monitor the freshwater lens and prevent future 
salinization issues.
6.6 Future research area
The tsunami waves can inundate and cause groundwater salinization. Also the tidal pressure 
waves can cause the sea water to mix with the groundwater in the aquifer. In recent times the 
number of earth quakes happening in the Indian Ocean appears to be increasing. A few have 
triggered tsunamis, but the majority didn’t at all, or caused only very small tsunamis with low 
wave heights. However in this less serious scenario, the underground tidal pressure waves 
could have caused freshwater saline water mixing in the aquifer and caused groundwater/well 
water salinization. This scenario is generally overlooked and only when a big tsunami’s 
waves inundate an area is concern about groundwater salinization raised. In future, after 
every major earthquake event, groundwater salinization could be studied carefully to 
understand whether the underground tidal pressure waves caused by the earth quakes affect 
the groundwater salinization in the neighbouring areas, even though a major tsunami 
inundation may not be triggered by the earthquake.
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Chapter 07
Results and Discussion, Sanitary conditions and faecal contamination of well water in 
the study areas
In considering the core objective of safe drinking water, one of the hypotheses tested in this 
project was,
H2: Certain contaminants and sources, such as faecal contamination from on-site sanitation 
systems, cause more chronic issues for the safety of drinking water sources than 
tsunami inundation.
The hypothesis 2 (above) was tested with the following aims ii), iii) and iv), as follows;
ii) to identify and critically assess the sanitary hazards associated with defined levels of 
faecal contamination in well water, using published water surveillance methods
iii) to evaluate the applicability of the combined risk assessment technique using sanitary 
survey observations and faecal contamination level assessment in assessing the safety 
of the groundwater point source in very small islands compared to larger study areas, in 
developing a water safety plan
iv) to assess the current health related risks and future sustainability of the open dug wells 
used in the study areas.
This chapter begins with the results of the faecal coliform surveys of well water quality, and 
analysis of potential factors influencing the microbial quality of well water. Then the 
application of the published surveillance methods to identify and critically assess the sanitary 
hazards associated with well water are described and discussed in the specific context of the 
study areas (Aim 2). This is followed by an appraisal of the combined risk assessment 
technique, using the sanitary survey observations and the microbial well water quality results 
(FC counts) (Aim 3). The importance of assessing the relative significance of each sanitary 
hazard on the microbial quality of well water, in order to assess the health risks attached to 
wells, was highlighted. Finally, based on the findings from all the previous sections in this 
chapter critical sanitary hazard points which impact the health related risks and future 
sustainability of the open dug wells in the study areas were identified (Aim 4). The chapter 
ends with the test results of hypothesis 2 .
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7.1 Microbial well water quality in the study areas
7.1.1 Percentage occurrences of the faecal coliform grades
The 44^C thermo-tolerant faecal coliform (FC) is used as the indicator of the faecal 
contamination of well water in this research study. The well water quality and sanitary survey 
observations made in the Negombo region and the Maldives islands are summarised in 
Appendix C and D, respectively.
Table 7.1 summarises the frequency of occurrence of FC grades (as illustrated in Table 2.11) 
in the well water, arranged by study areas. While FC grade ‘D’ was most frequently observed 
in the Maldives islands, FC grade ‘C’ was most frequently occurred in the Negombo region 
(Table 7.1). 79.44% of the wells in the Maldives islands had water with faecal contamination 
levels above FC grade C (11-100 cfu/lOOml), whereas it is only 70.30% of the wells in the 
Negombo region. Therefore, overall, the well water faecal contamination level observed in 
the Maldives islands is higher than that in the Negombo region. Yet, only about 1% of the 
wells in the Negombo region satisfy the WHO Drinking Water Quality Guideline values 
(zero counts/100ml of sample) while 6% of the wells in the Maldives islands comply with the 
same guideline value. These observations identify the urgency for a sanitation improvement 
programme necessary to improve the microbiological quality of groundwater in the Maldives 
islands and the Negombo region.
In the Maldives islands, the percentage of wells having equal or above FC grade C (11-100 
cfu/lOOml) or D (101-1000 cfu/lOOml) or E (>1000 cfu/lOOml) contamination levels showed 
moderate (0.3 < Pearson, r < 0.7) positive correlation (Table 7.2) with island population 
density and weak negative correlation (0.1 < Pearson, r < 0.3) with island area. Among the 
different grades of faecal contamination. Grade D level of faecal contamination showed the 
highest correlation with the population density in the Maldives islands. The negative 
correlation between increasing FC grades and increasing area is logical, since larger land 
areas provide for more pathogen die off during the greater travel time in the aquifer pathway. 
However, the small (<0.3) Pearson-r values indicate that the correlation is weak. Therefore 
the areal extent of the Maldives islands is weakly influencing the FC grades of the well water 
while population density had moderate correlation with FC grades, especially Grade D.
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Among the study islands in the Maldives, Fenfushi island had the lowest percentage (37.5%) 
of wells with FC grade equal to, or above. Grade C. However, the population density in the 
Fenfushi island was not the lowest of the islands, neither is the area of the Fenfushi island the 
largest. There are thus other factors such as sanitary conditions of the wells, weather 
conditions and physico-chemical properties of the well water which need to be taken into 
account when attempting to identify the reasons for the observed faecal contamination levels 
in the study areas.
Table 7.2 Pearson correlation between the population density and the island area with 
the percentage occurrence of wells with FC grades above C, D and E, in the Maldives.
Plot Gradient value from the plot Pearson correlation, r
Population vs. FC grade C Positive 0.1854 0.4306
Population vs. FC grade D Positive 0.2161 0.4649
Population vs. FC grade E Positive 0.1135 0.3369
Area vs. FC grade C Negative 0.0376 0.1939
Area vs. FC grade D Negative 0.0742 0.2724
Area vs. FC grade E Negative 0.0236 0.1536
In the Negombo region, the percentage of wells with equal or above FC grades B (1-10 
cfu/100ml), C and D, showed no correlation (R^ <0.01 or negative correlation) with the 
population density; and, only, the wells with above FC grade C level of contamination 
showed weak correlation (0.1 < Pearson, r < 0.3) with the areal extent of each of the DS 
Divisions (Table 7.3). These correlation values imply that neither the area nor the population 
density in the Negombo region is a major factor controlling the observed faecal 
contamination levels.
Table 7.3 Pearson correlation between the population density and the area of each DS 
Division with the percentage occurrence wells with FC grades above C, D and E, in the 
Negombo region.
Plot Gradient R  ^value from the plot Pearson correlation, r
Population vs. FC grade B Negative 0.0288 0.1697
Population vs. FC grade C Negative 0.4097 0.6401
Population vs. fc grade D Positive 0.00009 0.0095
Area vs. FC grade B Negative 0.001 0.0316
Area vs. FC grade C Negative 0.0243 0.1559
Area vs. fc grade D Positive 0.0121 0.1100
171
Chapter 07 Results and Discussion, Sanitary conditions andfaecal contamination o f well
water in the study areas
The DS Divisions in the Negombo region are about 10 to 100 times larger in extent than the 
Maldives islands. Therefore the average length of the aquifer pathway potentially available 
from the leachate leaking point of the on-site sanitation facility to the well, in the Maldives, is 
much less than that in the Negombo region. With less travel time in the aquifer, a higher 
proportion of the pathogen indicators from septic tank leachates will reach the well water in 
Maldives, due to less time for die-off and other attenuation proeesses (dilution and 
retardation). Though the aquifers occurring in the Negombo region are characterised as very 
vulnerable hydrogeological conditions (Barthiban et al., 2012b), only the wells with above 
FC grade C showed weak correlation with area in the Negombo region (Section 7.1). This 
implies that all other observed FC grades are from localised causes such as sanitary 
conditions of the well and the well head area. Interestingly, even though all different levels of 
FC grades showed weak eorrelation with area of the Maldives islands, wells with above FC 
grade D showed the highest correlation among them (Section 7.1). The separation distance 
between a well and an on-site sanitation system leachate leaking point (related to Sanitary 
hazard IDOl, Seetion 7.8) is dependent on the availability of space. Therefore, the elose 
correlation (even though weak) between the area and FC grades C/D observed in both study 
areas is most likely related to the impaet of on-site sanitation systems through aquifer 
pathways.
For comparison, data on faecal contamination of tube wells in Thailand (Lloyd and 
Boonyakamkul, 1992) are presented in Table 7.4. Unlike the case of the Maldives Islands 
(very small islands) or Negombo region (coastal and inland area) the study areas in Thailand 
were landlocked.
According to Table 7.4, except in the case of Kranuan district in Khon Kaen province, above 
28% of the samples from all other individual districts showed Grade A FC counts. Public 
hand-pumped tube wells which are maintained by publie sector agencies in Thailand were 
chosen for this study. The good standard of maintenance provided by the public sector 
agencies could have been a reason for the observed, relatively good quality tube well water in 
Thailand. Other reasons for the better quality eould be the fact that most of the Thai tube 
wells were community wells located in areas well separated from sanitation systems and also 
constructed to a common design. However, it is also well established that dug wells (the 
majority in this study) are typically more heavily contaminated (Table 7.5).
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Table 7.4 Faecal coliform contamination of tube wells in Khon Kaen and Nakhon 
Ratchasima provinces in Thailand, 1991.
Districts
Number of 
samples
Grade of faecal coliform contamination
A B C D
No. % No. % No. % No. %
Khon Kaen province
Banpai 30 12 40.0 7 23.3 8 26.7 3 10.0
Chonabot 36 17 47.2 6 16.7 9 25.0 4 11.1
Chumpae 42 14 33.3 12 28.6 10 23.8 6 14.3
Kranuan 18 3 16.7 2 11.1 11 61.1 2 11.1
Nampong 21 6 28.5 1 4.8 13 61.9 1 4.8
Nongrua 31 9 29.0 8 25.8 13 41.9 1 3.3
Puvieng 29 12 41.1 6 20.7 8 27.6 3 10.3
Total 207 73 35.3 42 20.3 72 34.8 20 9.6
Nakhon Ratchsima province
Chokchai 50 20 40.0 10 20.0 17 34.0 3 6.0
Maung 41 16 39.0 6 14.6 16 39.0 3 7.4
Pakthongchai 29 15 51.7 8 27.6 6 20.7 0 0
Total 120 51 42.5 24 20.0 39 32.5 6 5.0
Source: Lloyd and Boonyakamku (1992)
Maintenance of private wells is the responsibility of the individual households in the 
Maldives Islands and in the Negombo region. Laek of knowledge in water, sanitation and 
public health is often associated with poor maintenance of private wells and faecal 
contamination of well water in the Maldives and Negombo region. For example on-site 
sanitation systems in the Maldives islands are constructed according to the design of the 
house owner and the mason. Figure 7.1 shows an excavation for the latrine pit (septic tank) 
construction at location ID 5 in Daravandhoo island. The picture shows that the groundwater 
table is oeeurring above the base of the latrine pit which is a cause of direct faecal 
contamination of groundwater. This figure shows the need for public health edueation in this 
area of design and construetion. However, aeeording to the interactions and opinions of the 
inhabitants of the study areas, people are, to a certain extent, aware of the issues, but seem 
less committed to aetion.
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.2008 17;
Figure 7.1 Picture showing 
the excavation for the 
construction of an on-site 
sanitation system in one of 
the Maldives islands; the 
groundwater table occurs 
above the blocks forming 
the base of the excavation 
and the walls of the septic 
tank have not yet been 
constructed.
7.1.2 Mean and median Faecal Coliform counts
A summary of the mean, median, maximum and minimum FC counts observed in the 
Maldives study islands and the Negombo region is presented in Table 7.6. The mean and 
median (log) FC counts and population density were moderately (0.3 < Pearson, r < 0.7) 
correlated (Pearson, r = 0.4722 for mean, and r = 0.3953 for median) in the Maldives islands, 
and not (Pearson, r < 0.1) correlated (negative gradient) in the Negombo region.
The population density in the Maldives islands has moderate impact on the well water faecal 
contamination levels in the Maldives islands, whereas no correlation between the population 
density and the faecal contamination levels was found in the Negombo region (Sections 7.1 
& 7.2). The faecal contamination in the Negombo region could be mainly from hazards in the 
area immediately surrounding the wells (such as sanitary conditions of the wells and the 
wellhead area). Due to the very small land area and very vulnerable hydrogeological 
conditions (Barthiban et al., 2012a) of the Maldives islands the contamination from on-site 
sanitation systems (which is dependent on the population density) can also be considered as a 
local cause. This is a reason for the moderate correlation observed between the population 
density and different FC grades in the Maldives islands. Nonetheless, the moderate 
correlation (but not strong correlation, Pearson, r > 0.7) implies the potential impact from 
localised faecal contamination through preferential pathways, and also other factors such as 
sampling time (Section 7.4), and physico-chemical properties of the well water (Section 7.5).
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The difference between the median FC counts observed in the Negombo study areas were not 
statistically significant (Kruskal-Wallis statistic = 14.67, P = 0.0659, a = 0.05). The potential 
factors which could cause difference of median FC values between the different Negombo 
study areas could be hydrogeological properties of the aquifers, population densities and 
area. Earlier on it was shown that the population density and the area has no or weak 
correlation with the faecal contamination levels in the well water. Three different aquifers 
(coastal sand aquifer, alluvium aquifer and the south western laterite aquifers) occur in the 
Negombo region. Based on the hydrogeological properties of the aquifers all of them are very 
vulnerable to faecal contamination from on-site sanitation system (Barthiban et ah, 2012b). 
This is why the impact of the hydrogeological properties (such as low hydraulic conductivity 
and longer aquifer travel time) on the faecal contamination levels are not observed among the 
DS Divisions in the Negombo region, and the median FC counts became comparable (i.e. 
statistically not significant). Therefore the Negombo microbial results need not be further 
studied separately among different study areas and will be discussed together in the rest o f  
the thesis.
Almost all the houses in the Maldives islands and in the Negombo region have individual on­
site sanitation systems and individual wells. Due to the small land area of individual islands 
and high density of on-site sanitation systems one open dug well can be subject to faecal 
contamination originating from multiple on-site sanitation systems present in the 
neighbouring area. The same is true in the context of the Negombo region. The widespread 
faecal contamination of well water fi’om on-site sanitation systems together with the 
occurrence of very vulnerable aquifers, irrespective of different land area and population 
density, makes the well water faecal contamination levels comparable among each of the 
Maldives islands with the DS Divisions in the Negombo region.
Weather effects:
In general, rainwater infiltration and subsequent percolation is thought to have two kinds of 
impact on groundwater quality (Godfi-ey et ah, 2005). First, with the onset of rainfall, the 
pollutants retained in the top soil and the unsaturated zones are flushed into the aquifer. 
Hence, with the onset of rainfall, the pollutant concentration in groundwater increases. 
Second, if the rainfall continues for some time, the pollutants in groundwater get diluted with 
rainfall recharge and the groundwater pollutant concentration reduces. The second scenario is
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true only if discrete pollution incidents occurred. That is the top soil of the vadoze zone 
received contaminants once or twice and with the rainfall recharge, those pollutants will be 
flushed through the earth. However, in the case of Maldives islands, with on-site sanitation 
systems, the vadoze zone is continuously contaminated with sewage waste. Therefore, with 
rainfall recharge, faecal coliforms retained in the vadoze zone (after every use of the latrine) 
are drawn into the aquifer with each rainfall event. In this scenario the faecal contamination 
levels of groundwater increases with rainfall, unless there is a major storm event which can 
flush out and dilute the faecal contaminants in the aquifer.
During the period starting from January through to April dry weather conditions prevail in the 
Maldives islands. The two batches of observations made in the Thaa atoll were carried out at 
the fringes of the typical dry season in the Maldives islands. Therefore the samples collected 
during May 2008 have had the impact of dry season. Yet the weather conditions showed no 
impact on the observed FC in the Thimarafushi, Veymandoo and Burunee islands (P values >
0.05, a = 0.05, Table 7.6).
By contrast the FC counts of the two surveys carried out in Daravandhoo island is statistically 
significant, albeit both surveys were carried out during wet weather conditions and, fewer 
wells were sampled compared to other islands (Table 7.6, P value < 0.05, a = 0.05). The P- 
values can also become very small (<0.05) when the number of samples (n) increases. 
Therefore the weather conditions do not cause a statistically significant difference on the 
observed FC counts, and they are not an important factor controlling the well water faecal 
contamination levels in the Maldives islands.
The southwest monsoon which brings major rainfall in the Negombo region occurs during the 
months May to September in Sri Lanka (www.meteo.gov.lk). The field work in the Negombo 
region spanned the period January to May with only two days (16^ and 17^  ^of May 2008) of 
sampling during May. The recorded weather conditions indicate no rainfall experienced 
during the sampling period in May. Therefore the sampling in the Negombo region has no 
data to compare the impact fi*om weather conditions.
Other possible factors influencing the observed difference in the mean observed FC counts 
are population density, different well water sampling times (Section 7.3), the physico-
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chemical properties of the well water (Section 7.5), and the sanitary conditions of the well 
and the well head area (Section 7.8).
None of the wells in the Negombo region experienced Grade E (>1000 cfu/lOOml) level of 
faecal contamination. This was in contrast to the wells in the Maldives study islands, where 
only Daravandhoo island had no E grade contamination (Table 7.1). Even though the 
majority of the mean FC counts (Table 7.6) were less than a thousand counts, the majority of 
the maximum observed FC counts were higher than a thousand counts. Table 7.7 summarises 
the wells with FC grade E observations during different surveys in the Maldives islands.
Table 7.7 Wells with faecal contamination level Grade E (>1000 cfu/lOOmI) in the 
Maldives islands.
Study island 1** survey 2“*^ survey
Vilufushi V09W -
Thimarafushi Th03W, Th05W, Thl4W, Th21W
Th05W, Thl3W, Thl4W, Thl7W, 
Thl9W
Veymandoo
Ve05W, Ve07W, Ve09W, Vel3W, 
Ve20W Ve06W, Ve20W, Ve21W
Burunee B03W,B10W BOIW, B08W, B09W, B12W
Fenfushi F10,F11,F12,F15
Thoddoo A3, B5, B6
Some wells showed E grade faecal contamination only during one sampling period (Table 
7.7). This could be a result of weather condition or, more likely, a different sampling time 
(whether a recent contamination event happened or not). The impact of weather conditions is 
not statistically significant in the Maldives islands (as discussed above), and no change in the 
weather conditions was seen during the sampling in the Negombo region. Therefore the 
reason for the occurrence of FC Grade E only during one survey can be a result of whether an 
immediate contamination event happened or not.
For example, the maximum observed FC counts in the Vilufushi island is related to well 
V09W. Despite the absence of nearby on-site sanitation units (used by the labourers), the 
abandoned well V09W (Figure 7.2) showed the highest FC counts (Grade D and E) among 
the observed values in Vilufushi island. One of the disasters caused by the highly energetic 
tsunami was the destruction of sanitation units and mixing of wastewater from sanitation 
units with groundwater. However this cannot be the reason for very high (Grade E/D) faecal
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contamination observed at well V09W because bacteria will not survive for more than 2 
years. Therefore, recent faecal contamination on the wellhead area could have entered into 
the well with surface (rainfall) runoff (due to the absence of parapet wall) and caused the 
observed faecal contamination of well water directly down the well.
^ 2  -
Figure 7.2: Groundwater sampling point, V09W, in Vilufushi island.
N.B. Well lacks plinth and parapet wall
The FC observations in Thoddoo island varied from zero to 2170 cfu/lOOmI of sample. Three 
out of sixteen samples (Figure 7.3) showed very high (grade E) FC counts. The population 
density (overall and in the residential area only) in the Thoddoo island is the least among the 
study islands. Therefore recent faecal contamination of well water prior to sampling could 
have caused the very high faecal contamination levels observed at 50% of the samples. The 
well water sampling locations in Thoddoo island are presented in Figure 7.3.
The fact that few wells showed higher FC grades during both surveys could be a coincidence, 
with recent contamination events during both surveys, or could be due to the sanitary 
conditions and other physic-chemical properties of the well water.
The observed FC counts in the Negombo area did not show statistically significant difference 
among the different types of points sources (open dug wells, tube wells with hand pump and 
mechanical pump) (Kruskal-Wallis statistic = 6,615, and P value between individual pair of 
points sources compared < 0.05, a = 0.05), because all the wells tap groundwater from the 
same aquifers which are characterized by widespread contamination from on-site sanitation 
systems and very vulnerable hydro-geological properties (Barthiban et al., 2012b).
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T h o d d o o  i s l a n d  S a m p l i n g  l o c a t i o n s
A01 'B02
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B01
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BOO 'egelation area
Football ground
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Figure 7.3: Well water sampling 
locations in Thoddoo island 
plotted on the ArcGIS map of 
the Thoddoo island.
0.8 Kilometers
The faecal contamination levels of the abandoned wells (not in use) and mosque wells 
(mainly used for washing face, hands and legs before prayers), are generally considered to be 
better than domestic wells (continuously exploited for day-to-day water consumption needs) 
owing to less exploitation of the well water in the mosques and wells abandoned. 
Nevertheless, bearing in mind the fact that faecal contamination of well water from on-site 
sanitation systems in the Maldives islands is wide spread, the FC counts of the mosque and 
abandoned wells were compared with the median occurrence of the well water faecal 
contamination in the whole island of interest (Table 7.8).
Vilufushi island was populated only by tsunami rehabilitation workers during the sampling 
period. Therefore faecal contamination of well water from on-site sanitation system in the 
Vilufushi island was not expected to be widespread. However the faecal contamination levels 
observed in the mosque well on both days were not different than the overall faecal 
contamination levels observed in the Vilufushi island at statistically significant level (Table 
7.8, P value > 0.05). The mosque well (V02W) in Vilufushi island was frequently exploited 
by the construction labourers mainly for cooking and washing kitchen utensils. The well 
water was abstracted using Dhani (a small bucket or tin attached to a long rod). In the
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absence of widespread contamination from on-site sanitation systems in Vilufushi island, the 
reason for not observing the expected lower level of faecal contamination of well water at the 
mosque well could be due to faecal contamination caused by unsanitary conditions of the 
well. The faecal contamination level of the abandoned well, however, showed statistically 
significant and not significant level of difference within the consécutives days of sampling 
(Table 7.8, P values >, < 0.05). The reason for the significance change in microbial 
contamination levels in Well V09W is not clear.
Table 7.8 Characterisation of the FC microbial quality of mosque and abandoned wells 
and comparison with median# for all wells in each of the Maldives study islands.
Island
#Median 
FC counts 
(cfu/lGOmI)
Mosque wells Abandoned wells
Period ID
FC
counts
P-
value* ID
FC
counts
P-
Value*
Vilufushi 07.01.2008 475 V02W 110 0.2500 V09W 5120 0.1250
Vilufiishi 08.01.2008 78 V02W 270 0.6250 V09W 685 0.0625
Thimarafushi Jan ‘08 300 Thl5W 200 0.0368
Thimarafushi May ‘08 264 Thl5W 550 0.4868
Fenfushi Feb ‘08 10 F14 10 0.0355 F02 10 0.0355
Daravandhoo Oct ‘08 4 ID 4 0 0.0313
Daravandhoo Dec ‘08 133 ID 4 0 0.0078
*P-value at a=0.05 significance level of the Wilcoxon Signed Rank Test
The variation of the faecal contamination levels of the mosques wells at statistically 
significant (Jan 08, P < 0.05 Table 7.8), and non significant (May 08, P > 0.05 Table 7.8), 
levels when compared with the overall island contamination levels, however shows that 
mosque wells can have better microbial quality, even though sometimes they are subject to 
faecal contamination from the neighbouring residential areas or due to the hazards present at 
the well head area. The faecal contamination levels of the mosque well Thl5W could have 
also intensified due to the typical dry weather conditions present prior to May 2008.
Interestingly the microbial contamination of the mosque (FI4) and abandoned (F02) wells in 
Fenfushi island was significantly different than the overall microbial contamination levels 
observed in the Fenfushi island (P value < 0.05, Table 7.8) due to the location of these wells 
near the uninhabited area (Figure 6.19) where the impact of on-site systems are less / not 
experienced (depending on the proximity).
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The zero FC counts observed in the mosque well (ID 04) in Daravandhoo island itself is 
explicit evidence (in addition to significantly different level of contamination from the island 
wide observations, P value < 0.05, Table 7.8) that, in general, the microbial quality at mosque 
well is good.
Therefore the comparison of the microbial quality of mosque and abandoned wells in the 
Maldives islands with a wide range of faecal contamination levels (Table 7.8) reveals that, 
due to the widespread contamination of well water from on-site sanitation systems, 
unsanitary conditions of the well and very vulnerable aquifers, the faecal contamination 
levels of these (mosque and abandoned) wells fluctuated from good to bad quality, failing the 
general expectation of better microbial quality in these wells.
7.1.3 Spatial (areal) variation
Schematic maps of the spatial variation of the observed water quality parameters and the 
mapping of the observation locations was achieved using ESRI ArcGIS (Geographical 
Information System) software to easily understand the spatial distribution of the observed 
parameters in the study areas. Figures 7.4 to 7.8 show the spatial variation of the FC counts in 
Thimarafushi, Veymandoo, Burunee, Fenfushi and Thoddoo islands. The corresponding 
maps of the FC observations made in the Vilufushi and Daravandhoo islands are not 
presented here due to the low number of sampling points studied in these islands.
According to Figure 7.4 high concentration of FC zones near locations ID Th05 and Thl4 
were observed during both January and May surveys. The population density at location ID 
Th05 is typical in the Thimamfiishi island and is similar to the neighbouring sampling 
locations such as ID’s ThOl, Th02, ThOS, Th04 and T hl8 . Even though the Sanitary hazard 
Score (SHS) (and the observed sanitary hazards) of the wells at locations Th05 and Th04 are 
the same and the highest observed in the Thimarafushi island, the FC concentration zone near 
Th04 was not as intense as near Th05. Therefore the higher FC zone occurred at Th05 could 
be a result of poor construction method and/or maintenance of the on-site sanitation system at 
Th05 compared to that at Th04, which could result in more volume of leachate from the 
septic tanks reaching the well water. Another reason could be coincidence of recent faecal 
contamination of well water with the sampling time during both surveys. Sampling location 
Thl4 is located on the southernmost end of the Thimarafushi island. This location is
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surrounded by barren land and hence can be eonsidered as relatively sparsely populated area 
within the Thimarafushi island. In addition the SHS of the well at Thl4 was not the highest 
observed in the Thimarafushi island but rather moderate. Therefore, as discussed above the 
reason for the higher FC contamination at Thl4 could be poor construction/maintenance of 
the septic tank at Thl4 and also the coincidence of recent contamination events during 
sampling time in both surveys might have caused the higher FC contamination at Thl4.
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Figure 7.4: Schematic maps of the Faecal Coliform counts made during; (left) January 
and (right) May 2008 in the Thimarafushi island.
N.B. High concentration FC zones near to Th05 and T hl4 in both January and May surveys.
Sampling location Th09 is a school which has more open spaces between the buildings within 
the school compound. In addition, as can be seen from Figure 6.10, this school has a mosque 
on the northeast side and a burial land on the west side. The faecal contamination loading in a 
school, mosque and burial land are lesser than that in the residential areas. Therefore the 
lower faecal contamination loading near the well ID Th09 is the reason for the lower level of 
faecal contamination observed at Th09.
As can be seen in Figure 6.13, among the sampling locations in the Vemandoo island, those 
locations on the northern side of the Veymandoo island can be considered as dense residential
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area, because residences located on the northeast side is surrounded by woods and vegetation 
areas on the east and the southern directions. This could be the reason for the higher 
concentration (>1000 cfu/100ml) of faecal contamination clustered around Ve20 during both 
January and May surveys (Figure 7.5).
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Figure 7.5: Schematic diagrams of the faecal coliform count observations made during; 
(left) January and (right) May 2008 in the Veymandoo island.
N.B. Highest concentrations (>1,000 cfu/lOOmI) clustered around Ve20 in both January and May surveys.
The spatial variation of the FC observations made in Fenfushi Island (Figure 7.7) clearly 
distinguishes the un-inhabited area (west side of the island) from the inhabited area (east 
side). The lower FC concentrations in the uninhabited area than that in the inhabited are due 
to the absenee of on-site sanitation systems in the uninhabited area. The other island FC maps 
(Figures 7.6 and 7.8) are more difficult to interpret.
The zonal concentration variations and their distribution appear to show random variation of 
the faecal contamination levels. Similarly, and in contrast to the EC observations (Figures 
6.24), the degree of faecal contamination is apparently randomly spread in the much larger 
Negombo region (Figure 7.9). However, in each Maldivian island, where January and May 
surveys have been compared (Figures 7.4, 7.5 and 7.6) it is interesting to note the repeating 
pattern of high and low FC concentration areas. This repetition suggests that the areas of high 
concentration represent a genuine, more intense source of contamination which is most likely 
to have come from the sanitation system effluents in those areas.
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igure 7.6: Schematic diagrams of the faecal coliform count observations made during 
(top) January and (bottom) May 2008 in the Burunee island.
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igure 7.7: Schematic diagram of the faecal coliform count observations made during 
February 2008 in the Fenfushi island. N.B. The west end of this island is unpopulated.
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Figure 7.8: Schematic diagram of the faecal coliform count observations made during 
May 2008 in the Thoddoo Island.
Although on-site sanitation systems are often categorized as point sources of faecal 
contamination, in the context of the Maldives islands and in the Negombo region, they can 
also be considered as a diffuse source of pollution owing to the fact that there are so many in 
each island and in the Negombo region (Barthiban et al., 2012a, b). Yet, the wide spatial 
variation of the FC observations (Figures 7.4 to 7.9) highlights many localised impaets on 
microbial well water quality. This heterogeneity can be interpreted as follows:
1. The occurrence of localised contamination pathways can be randomly spread in each 
study area based on the sanitary conditions of the well and the well head area. The 
impact of the presence of localised pathways on the microbial quality of well water is 
additional to the overall impact of the on-site sanitation systems in both the Maldives 
islands and in the Negombo region.
2. Well water samples in one island, or district, were sometimes, but not always, taken on a 
single day, and always at different times of the day. As will be summarised in Section
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7.1.4, the observed FC counts varied with different sampling time during a day, even at 
the same sampling well.
3. The survival of bacteria in water is affected by physico-chemical quality factors, such as 
pH, temperature and salinity (Lawrence et. al., 1996). The effect of the specific 
conductivity on the well water faecal contamination level is discussed in Section 7.5.
Fc
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Figure 7.9: Schematic diagram of the faecal coliform count observations made during 
January to May 2008 in the Negombo region, Sri Lanka.
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7.1.4 Daytime FC profile
The temporal variation of the well water FC counts during day time (hereafter referred to as 
FC day-time profile) was studied in Thimarafushi, Veymandoo and Daravandhoo island. In 
the Daravandhoo island, the FC day-time profiles were studied at four neighbouring houses 
(wells) (Figure 7.10) over a four-days duration. As observed in three islands (Thimarafushi, 
Veymandoo and Daravandhoo), the temporal variation of the FC counts is significant (about 
1 to greater than 2 log variation in the FC counts) (Graphs 7.1 to 7.5).
0.20km,
1.19km
0.18km
0.23km
0.2 Kilometers
Figure 7.10: Schematic diagram showing 
the relative positions of well locations ID 
01, 02, 09 and 10, and distances from the 
seashore, studied for day-time FC profile 
in Daravandhoo island.
In the Thimarafushi island, a one log change in well water FC counts was observed during 
the course of a day, (Graph 7.1 [left]). By contrast, a greater than two log difference was 
observed between the FC daytime profile observations in Veymandoo island (Graph
7.1 [right]). Dramatic daytime variation in FC counts in a single well (Ve03) in the 
Veymandoo island, across the full range of FC grades A-E, is shown. The peak FC count was 
very strongly (and almost instantaneously) linked to very recent latrine contamination of well
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water by the user* in the same household. This provides the best confirmation of the source- 
pathway-receptor principle.
Day-time FC counts_Thll_Thlmarafushi lsland_27.05.2008 Day-time FC counts_Ve03_Veymandoo lsiand_25.05.2008
100001000
? 1000
100
0 .1
Time (hh:mm)Time (hh:mm)
* Note the >3 log increase in Ve03 where the land lady had just finished using the nearby bathroom (had a bath 
for sure, and had also used the toilet)
Graph 7.1: Plot of Day time FC counts as observed in the Thimarafushi (left) and 
Veymandoo (right) islands.
Day-time FC counts proflle_Dunl Hura (ID 01)_Daravandhoo Island
1000
100E
§
s
IU
0.1
18/12/200817/12/2008 19/12/2008 
Date (DD/MM/YYYY) and Time (h:mm)
20/12/2008
Graph 7.2: Plot of Day time FC counts as observed at IDOl in the Daravandhoo island.
Over a 4 day period the FC contamination levels in wells IDOl (Graph 7.2), ID02 (Graph 
7.3), ED09 (Graph 7.4) and ID 10 (Graph 7.5) stayed within a 2 log range representing grades 
C-D. As also seen at well IDVeOS in the Veymandoo island, vivid increment in the FC counts 
(e.g. from FC grades A to C and FC grades B to D were observed at wells ID 01 and 09) were 
observed in the wells studied in the Daravandhoo island.
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Day-time FC counts proflle_Nafaa (!D02)_Daravandhoo Island
1000
100
10
1
18/12/2008 
Date (DD/MM/YYYY) and Time (h:mm)
17/12/2008 19/12/2008 20/12/2008
Graph 7.3: Plot of Day time FC counts as observed at ID02 in the Daravandhoo island.
Day-time FC counts profiie_Fayaaz (ID 09)_Daravandhoo island
1000
100
10
1
18/12/2008 19/12/2008
Date (DD/MM/YYYY) and Time (h:mm)
20/12/200817/12/2008
Graph 7.4: Plot of Day time FC counts as observed at ID09 in the Daravandhoo island.
The observed FC day-time profile at the four neighbouring wells in Daravandhoo island 
shows similar pattern. This might be a result of very close proximity of these wells and the 
fact that individual well is surrounded by more than one on-site sanitation system in very 
close proximity. It could also be a coincidence of the recent contamination events at all four 
locations. As can be seen from all five graphs (Graph 7.1 to 7.5) the spike in observed FC 
counts were captured during the morning (approximately around 7-8a.m.), during noon 
(approximately after 13:30) and in the evening (approximately after 17:30). During the time 
between recent contamination events the FC counts tend to decrease due to factors such as
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dispersion and die-off. The very stable FC eounts plotted in Graphs 7.2 and 7.3 on the 18* 
and 19* of December 2008 could be due to the fact in those two days recent contamination 
events were not captured during the well water sampling for FC day-time profile.
Day-time FC counts profile_Ayaaz (ID 10)_Daravandhoo island
1000
100
10
1
17/12/2008 18/12/2008 19/12/2008
Date (DD/MM/YYYY) and Time (h:mm)
20/12/2008
Graph 7.5: Plot of Day time FC counts as observed at IDIO in the Daravandhoo island.
A two-way statistical analysis (ANOVA) was conducted to examine the effect of sampling 
location and sampling time on the FC counts of well water samples, using the day-time FC 
profile observations made in the Daravandhoo Island at four locations (at ID 1, 2, 9 and 10) 
over a four day period. There was no significant interaction between the effects o f samulins 
location and samplins time on well water FC counts, F (15, 59) = 0.34, p=0.9881. Simple 
main effects analysis showed that there is no sisnificant effect from the sampling location on 
the observed FC counts (p = 0.1281) while the samplins time showed a sisnificant impact on 
the FC observations (p = 0.0036). Therefore the very similar pattern of the day-time FC 
profile observed at the four neighbouring locations in Daravandhoo island was most likely 
the result of the coincidence of recent contamination events at those locations.
The median FC counts o f the day time FC profile obseiwations did not differ significantly 
among locations (the four locations in Daravandhoo island and two locations from 
Thimarafushi and Veymandoo islands) studied (Kruskal-Wallis statistic = 11.21, P values >
0.05 within individual pairs) even though the locations were selected from different islands. 
Therefore the daytime FC profile observations were compared with the island wide 
observations from all islands to know whether the variation is any different. The Kruskal-
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Wallis test of all the day-time FC profile observations and the island wide FC observations 
showed that the variation of the observed FC counts were not significantly different (P >0.05) 
among the set of observations except with the FC observations made in Daravandhoo island 
during October. It is already seen that (Section 7.1.2) that the FC observations made in 
Daravandhoo island was significantly different from the observations made in December 
2008 due to local contamination events (for some unknown reason) and not due to weather 
conditions. It is for the same reason the variation of the day time FC profile observations 
differed from the FC observations made in Daravandhoo island during October 2008.
The Kruskal-Wallis test showed that except for the case of Davandhoo island October 2008 
observations, the variation of the FC counts during the daytime and within the islands (where 
the sampling time could play a significant role) among different batches (where weather 
conditions can play a significant role)and different islands, did not vary significantly (at P >
0.05). The hydrogeological conditions of the Maldives islands are assumed to be similar to 
each other. Therefore, the sampling time and the weather conditions do not cause a 
statistically significant difference among the observed faecal contamination levels in the 
study islands during different surveys. That is, even though the day time profile shows high 
variation, among the islands the variation is comparable and hence the impact of different 
sampling time can be neglected. Therefore, according to the daytime FC profile data, the 
highest counts clearly represent recent localised faecal contamination o f the aquifer. The 
much lower average concentrations reflect, probably several factors influencing dispersion 
and die-off. Dispersion and dilution will be mainly influenced by tidal pressure and localised 
pumping. Die-off is likely to have less effect because there is daily renewal o f faeces inputs.
In general, the faecal contamination of well water through aquifer pathways can be slower 
while the localised pathways for the pollutants to reach the well water can be quicker. When 
recent contamination of the well water prior to well water sampling occurs, the resulting FC 
counts can be higher (depending on the severity of the hazard). Since presence of both aquifer 
and localised pathways for faecal contamination of well water was observed (through sanitary 
surveys) in the Maldives islands, the impact of the recent contamination of well water will be 
present in all the islands. Therefore findings from the statistical analysis are;
- The sampling time has an effect on the observed FC counts which is (the effect) not 
significantly different among the different study locations
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- There is no interaction between the sampling location and the sampling time on the 
observed FC counts
- The difference between the mean FC counts among the study locations where the daytime 
profiles were studied was not significant, even though the locations were selected from 
different islands
- The mean FC counts observed during the days (during whieh the daytime FC profiles were 
studied), and in the islands during each of the surveys, did not differ significantly
Therefore no adjustment to the observed FC counts was made to eliminate/reduee the impact 
of sampling time on the FC counts.
7.1.5 Effect of groundwater specific conductivity and temperature on the faecal 
contamination levels of the well water
The range of well water temperature observations are summarised in Table 7.9. As can be 
seen from Table 7.9, overall the temperature values varied between 28°C and 34.8^C which is 
favourable for the mesophilic bacteria, such as faecal coliforms, for survival. Therefore 
adverse impact of temperature on the survival of faecal coliforms in the well water in both 
study areas (the Maldives and the Negombo region) might not have been experieneed by the 
FC in the well water.
John, E., Rose, J.B. and Kamarainen, A. (2004), based on a laboratory and field based study 
found, that the survival of FC was not affected by the TDS ranging from 200 to 3000 mg/1 in 
groundwater. Assuming a TDS:SC ratio of 0.55-0.9 (Standard methods for the examination 
of Water and Wastewater, 1999, No.2510 #1), the corresponding specific conductivity range 
will be maximum from 364 to 5455 pS/cm. Except in Burunee island during May 2008 and 
Fenfushi island, the maximum observed SC values in the study areas were less than 5455 
pS/cm. Therefore in the other islands (Vilufushi, Thimarafushi, Veymandoo and 
Daraandhoo) the adverse impact of the higher concentration of SC might not have impacted 
the survival of FC in well water. In the Burunee island, except the sampling loeation ID B13 
which showed a very high SC value (Table 6.9) during May 2008, all the other SC 
observations lay below 5455 pS/cm. Similarly, in the Fenfushi island other than the 
sampling location FIO (Table 6.11) all other locations showed well water SC values below 
5455 pS/cm. Therefore, overall, as per John, E., et al’s (2004) findings, adverse impact of
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higher SC on the survival of FC in well water may not have been experienced in either the 
Maldives study islands or in the Negombo region.
Table 7.9 Mean, maximum and minimum well water temperature observations from the 
Maldives islands and the Negombo region.
Study areas and sampling period Sample size
Temperature (”C)
Mean Minimum Maximum
Vilufushi 07.01.2008 5 29.4 28.9 30.1
Vilufushi 08.01.2008 6 29.3 28.4 32.4
Thimarafushi Jan-08 20 28.8 27.9 30.2
Thimarafushi May-08 21 29.0 28.3 29.7
Veymandoo Jan 08 21 28.4 27.2 30.2
Veymandoo May 08 19 28.4 27.6 29.4
Bumnee Jan 08 16 28.5 27.6 29.5
Bumnee May 08 16 28.4 25.8 29.5
Fenfushi Feb-08 16 28.1 27.0 29.3
Daravandhoo Oet 08 8 28.3 27.5 28.8
Daravandhoo Dec 08 9 28.1 27.3 28.7
Negombo region Jan to May 08 88 28.5 25.5 34.8
Bearing in mind the faet that, all but two SC observations from both the Maldives and the 
Negombo region lay below 5455 pS/cm (corresponding to 3000 mg/1 TDS), the correlation 
values between the well water SC and FC counts in each study area are summarised in Tables 
7.10 and 7.11. These values are compared to understand whether well water SC values (lying 
below 5455 pS/cm) have any impact (correlation) on the FC counts. The two SC observations 
whieh lie above 5455 pS/cm, in Fenfushi and Burunee islands, were excluded from the plot.
Vilufushi island, which could serve as a reference island due to its uninhabited status during 
the field work period, showed moderate (0.3 < Pearson, r < 0.7) to strong (Pearson, r > 0.7) 
negative correlation between the observed well water SC and FC, suggesting that increasing 
well water salinity hinders the survival of FC. The on-site sanitation system pollution source 
in this study is widespread in the Maldives islands except in Vilufushi island (during the 
study period). Similarly, the groundwater exploitation through open dug wells was 
continuous in the Maldives islands, except Vilufushi. This is the reason that the well water 
SC in the rest of the islands did not show a correlation level as observed in the Vilufushi 
island with FC. That is the observed correlation between SC and FC could have been altered 
due to continuous groundwater (well water) exploitation and continuous recharge of faecal 
pollution to the groundwater. The same could be true in the context of the Negombo region.
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7.2 Sanitary conditions of the well and the wellhead area
The published (WHO, 1997) sanitary survey forms for open dug wells and tube wells were 
used to survey the sanitary conditions of the well and the wellhead area. Barthiban et al. 
(2012a, b) discussed the relevance of the individual sanitary survey question in the context of 
the study area and modified the survey forms accordingly (Text boxes 7.1 to 7.4).
The frequency of occurrence of the sanitary hazards in the Maldives Islands and in the 
Negombo region are summarised in Graphs 7.6 and 7.7. In general, none of the wells 
sampled in the Maldives islands and the Negombo region were fi-ee of sanitary hazard points 
(i.e. zero SHS). Sanitary hazard point 1 was the most fi-equently observed hazard (Graph 
7.6and 7.7) in both study areas. Intuitively one would expect that not only would point 1 
proximity o f latrine to well be the most fi*equent problem, but also the single most important 
factor contributing to intense direct faecal contamination. In general, hazard ID 5 (absence of 
parapet wall) of open dug well is the least common in both study areas (Graph 7.6and 7.7).
Text Box 7.1
Modified sanitary survey form for open dug wells in the context of the Maldives 
islands
Ql: Is there a latrine within a safe separation distance o f the well? Is it on higher ground 
than the well!
Q2: Is there any other source ofpollution (e.g. animal excreta, rubbish) within 10 m o f the 
well?
Q3: Is the drainage poor, causing stagnant water within 2m o f the well?
Q4: Is there a faulty drainage channel? Is it broken, permitting ponding?
Q5: Is the wall (parapet) around the well inadequate, allowing surface water to enter the 
well?
Q6: Is the concrete floor less than Im wide around the well?
Q7: Are the walls o f  the well inadequately sealed at any point fo r  3m below ground?
Q8: Are there any cracks in the concrete floor around the well which could permit water 
to enter the well?
09: Is the oroundwater abstraction means CDhani ’) left in such a nosition that it mav
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Text Box 7.2
Modified sanitary survey form for open dug wells in the context of the Negombo
region
1. Is there a latrine within the safe separation distance o f the well?
2. Is there any other source ofpollution (e.g. animal excreta, rubbish) within 10 m o f  the
well?
3. Is the drainage poor, causing stagnant water within 2m o f the well?
4. Is there a faulty drainage channel? Is it broken, permitting ponding?
5. Is the wall (parapet) around the well inadequate, allowing surface water to enter the 
well?
6. Is the concrete floor less than Im wide around the well?
7. Are the walls o f the well inadequately sealed at any point fo r  3m below ground?
8. Are there any cracks in the concrete floor around the well which could permit water 
to enter the well?
9. Are the rope and bucket left in such a position that they may become contaminated?
10. Does the installation require fencing?
Text Box 7.3
Modified sanitary survey form for tube wells with mechanical pump in the context of
the Negombo region
1. Is there a latrine or sewer within the safe separation distance o f the pump-house?
2. Is the nearest latrine a pit latrine that percolates to soil, i.e. un-sewered?
3. Is there any other source o f pollution (e.g. animal excreta, rubbish, and surface 
water) within 10 m o f the borehole?
4. Is there an uncapped well within 15-20 m o f the borehole?
5. Is the drainage area around the pump-house faulty? Is it broken, permitting ponding 
and/or leakage to ground?
6. Is the fencing around the installation damaged in any way which would permit any 
unauthorized entry or allow animals access?
7. Is the floor o f the pump-house permeable to water?
8. Is the well seal unsanitary?
9. Is the chlorination functioning properly?
10. Is chlorine present at the sampling tap?
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Text Box 7.4
Modified sanitary survey form for tube wells with hand pump in the context of the
Negombo region
1. Is there a latrine or sewer within the safe separation distance o f the hand pump?
2. Is there any other source o f pollution (e.g. animal excreta, rubbish, Surface water) 
within 10 m o f the hand-pump?
3. Is the drainage poor, causing stagnant water within 2m o f the hand-pump?
4. Is the hand-pump drainage channel faulty? Is it broken, permitting ponding? Does it 
need cleaning?
5. Is the fencing around the hand-pump inadequate, allowing animals in?
6. Is the concrete floor less than Im wide all around the hand-pump?
7. Is there any ponding on the concrete floor around the hand-pump?
8. Are there any cracks in the concrete floor around the hand-pumpwhich could permit 
water to enter the well?
9. Is the hand-pump loose at the point o f attachment to the base so that water could 
enter the casins?
Among the dug wells studied in the Maldives islands, which had a parapet wall, few wells 
had cracks on the parapet wall, which could let the surface water enter into the well. Well 
Ve06 in the Veymandoo island had a fractured parapet wall. The faecal contamination levels 
in Ve06 water during the survey in January 2008 was grade D, and grade E during the 2"  ^
survey in May 2008. Hence, in Veymandoo island observations, hazard ID5 was associated 
frequently with above D grade faeeal contamination.
By contrast, the faecal contamination levels observed in two wells (F02 and F 14) in Fenfushi 
island, which had an inadequate parapet wall, was 10 cfu/100ml each, i.e. FC grade B. 
Because, well F02 is an abandoned well, located in a burial land away from the residential 
areas (Figure 6.21) and surrounded by barren land. Therefore the potential for faecal 
contamination of F02 from septic tank and other non-sanitary conditions is much less than the 
wells located within the residential areas. Similarly F 14 is a mosque well known for its 
(presumed) “good” quality water by the inhabitants of Fenfushi island. This well was situated 
(close to F02) next to a foot ball ground on the west end of the residential area (Figure 6.21).
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Chapter 07 Results and Discussion, Sanitaiy eonditions andfaecal contamination o f well
water in the study areas
P e r c en ta g e  o c c u r r e n c e  o f  san itary  h a za rd s  o f  o p e n  d u g  w e lls  
in th e  N eg o m b o  reg ion
1-On
11
Hz
c>' o" (>' o!" <y <y o' <y <y
S an ita ry  H azard ID
Q1 02 Q3 04 I 05 06 07 08 09 O10
Number of values 88 88 88 88 88 88 88 88 88 I 88
i ; 1 1 1 ' '
Mean 1.000 0.8523 0.8523 0.8295 1 0.05682 0.8864 0.8182 1 0.8068 0.6477 1 0.9886
Std. Deviation 0.0 0.3569 0.3569 0.3782 0.2328 0.3192 0.3879 0.3971 0.4804 0.1066
Std. Error 0.0 0.03804 0.03804 0.04031 0.02482 0.03403 0.04135 0.04233 0.05121 0.01136
' 1 ; 1 ! 1 '
88.00 75.00 75.00 73.00 ' 5.000 78.00 72.00 71.00 57.00 87.00
P e r c en ta g e  o c c u r r e n c e  o f  san itary  h a za rd s  o f  tu b e  w e lls  with han d pum p  
in th e N eg o m b o  reg ion
1 .0-11
o> o'” o’ o  o ’ d? o  o? 0?
S an ita ry  H azard ID
01 02 03 04 05 , 06 07 08 09
Number of values 7 7 7 7 7 7 7 7 7
1.000 0.8571 1.000 1.000 1.000 1.000 0.8571 0.8571 0.8571
Std. Deviation 0.0 0.3780 0.0 0.0 0.0 0.0 0.3780 0.3780 0.3780
Std. Error 0.0 0.1429 0.0 0.0 0.0 0.0 0.1429 0.1429 0.1429
1 1 1 1 I 1
Sum r  7.000 6,000 7.000 7.000 7.000 7.000 6.000 6.000 6.000
P e r c en ta g e  o c c u r r e n c e  o f  san itary  h a za rd s  o f  tu b e  w e lls  with m ech a n ica l pum p  
in th e  N eg o m b o  reg ion
1 .0-1
0 .8
0 .6 -
0.4
0 .2
0 .0
S an ita ry  H azard ID
Number of values 6
1.000 1.000
Std. Deviation
0.1667 0.2236
6.000 I 6.000 , 5.000
0.8333 0.8333 0.8333
0.4082 I Ô.4082 I 0.4082 
0.1667 ' 0.1667" ÔJ667"
0.3333 0.6667
05164 ' 0.5164 
072108“ ; 072108
2.000 I 4.000
0.5000
0.5477
072236'
Graph 7.7: Frequency of occurrence of sanitary hazard points at groundwater point 
sources observed in the Negombo region.
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Owing to its relative location away from the residential area, the potential faecal 
contamination from septic tank on the well F14 will be less likely. Also, since F14 was a 
mosque well and located on the edge of the residential area, even if surface water entered 
into the well through the cracks, there could be much less chance for faecal contaminants to 
be present in the surface water. Also this well could receive more rainfall recharge due to its 
relative location near to open spaces. Therefore any pollutants that would reach F 14 well 
water could be diluted with rainfall recharge.
On Thoddoo island (Figures 7.3 and 7.8) wells A3, A4 and AS had inadequate parapet walls 
(cracks and holes) which could permit surface water to enter into the well. The faecal 
contamination levels observed in those wells were Grade E, D and A, respectively. Wells A3 
and A4 are located within the residential area, whereas well AS is located on the edge of the 
residential area, in between a school and a foot ball ground (Figure 7.3). Location AOS has a 
septic tank built within the house plot located at a separation distance more than 10m to the 
well. The residence to which the well AS belongs to is occupied temporarily by construction 
labourers (for some specific reason). Therefore the well AOS, even though the SHS = 9 (i.e. 
all the hazards are present) has very less potential to be faecally contaminated. This is the 
reason for the zero cfu/lOOml FC counts observed at well AOS in the Thoddoo island.
In the Negombo region, wells ID 11, 45, 47, 7S, 92 (Figure 6.26) had inadequate parapet 
walls which could permit surface water to enter into the well and experienced faecal 
contamination levels of FC Grade C, C, D, C, D, respectively. Since all the wells identified 
with inadequate parapet walls in the Negombo region were located within the residential area, 
the potential for faecal contamination, from septic tanks and other non-sanitary conditions 
within the operational courtyard of the well, was very likely to occur and hence the observed 
faecal contamination levels in those wells were to be expected.
The discussion about the absence of adequate parapet wall and the faecal contamination 
levels in the wells in the above paragraphs highlighted that even with the presence of 
inadequate parapet wall, few wells showed lower or no faecal contamination. This discussion 
further highlighted that the observed faecal contamination levels in the wells which had 
inadequate parapet wall, was most likely to have come from on-site sanitation system and 
other sanitary hazards present in the well and the wellhead area, rather than from the absence
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of adequate parapet wall. Therefore absence of adequate parapet wall which could allow 
human faecal contaminated surface water to get into the well is not a critical hazard in the 
context of the Maldives islands and the Negombo region.
7.2.1 FC counts vs. Separation distance
Maintaining a safe separation distance between a well and a septic tank effluent is required to 
increase the travel time of the microbial pollutants in the aquifer pathway so that significant 
die off of the microbes occur and the microbial well water contamination is reduced or 
eliminated. All the observed separation distances in the Maldives islands are less than the 
minimum safe separation distance assessed based on 50-day groundwater travel time between 
a latrine leaking point and to a well. The results of the linear regression analysis of the log 
(base 10) FC counts and the separation distance observed between the well and an on-site 
sanitation system are summarised in Table 7.12. Obviously, the negative gradient values of 
the plots point out that the observed FC counts were reducing with increasing separation 
distance. Yet, the Pearson correlation, r, values of the plots which indicate the correlation 
between the two parameters of interest are indicating a weak correlation (r: 0 to 0.3 - weak 
correlations; 0.3 to 0.7 - moderate correlation; 0.7 to 1 - good correlations) existing between 
the observed FC counts and the separation distance, except in the Daravandhoo island.
It is a common practice in the Maldives islands to build the latrine next to the domestic well, 
inside the house. The septic tank was typically located away fi-om the sanitation facility and 
wastewater collected through a collection pipe. The majority of the septic tanks in the 
Maldives islands are not water tight and are an obvious and major source of groundwater 
contamination. If the pipeline connecting the sanitation facility to the septic tank (generally 
located in the adjacent garden plot) is not water-tight, pipe leakage also contributes direct 
contamination to the groundwater every time the latrine is used. Because it is buried 
underground no observations or data are available as to the water tightness of the pipe 
connecting the latrine and the septic tank. However, based on the non-standard pipe-laying 
construction practices, it can be asserted that the joints in the pipeline can be another major 
source of faecal contamination of groundwater and hence contaminate the local wells. 
However, unlike the case of septic tank where pollutant loading is subsurface at a depth of 
about 2 to 3 m at one location, the leakage fi*om the wastewater pipelines will be at relatively 
shallow depths within 0.5m of the ground level fi-om the point of the latrine to the point of
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septic tank. Therefore the pipe lines can be a diffuse source of faecal contamination of 
groundwater and well water.
Table 7.12 Comparison of the separation distance between an open dug well and the 
septic tank and the correlation coefficient values of the Log FC vs. Distance plot in the 
Maldives islands.
Study island Period
Separation distance (m) Log FC vs. Distance
Mean Maximum Minimum Gradient
Pearson 
correlation, r
Thimarafushi
Jan-08 8.7 36.1 1.6 -0.0292 0.0565 0.1625
May-08 -0.0946 0.4793 0.1744
Veymandoo
Jan-08 9.9 35J 1.7 -0.0050 0.0028 0.0024
May-08 0.0291 1.3723 0.0458
Bumnee
Jan-08 4.1 8.7 1 -0.0516 0.0935 0.0922
May-08 0.0334 0.0290 0.0583
Fenfushi Feb-08 7 11.7 5.6 0.0286 0.0020 0.1775
Daravandhoo
Oct-08 8.9 1&8 4.3 -0.2045 0.2103 0.4218
Dec-08 0.0088 0.0010 0.0742
Provided that the connecting pipe line was leaking, the further away the septic tank was 
located there were more chances and amount of sewage leaking and resulting groundwater 
contamination. Therefore, in this scenario, the observed well water FC counts should be 
proportionally increasing with the separation distance between the well (which is located next 
to the latrine) and the septic tank. This might be another reason which would have 
overwhelmed the expected improvement in microbial (FC counts) quality of well water with 
increasing separation distance from the septic tank and caused the weak correlation as 
presented in Table 7.12. The moderate correlation (0.3 < Pearson, r < 0.7) values observed in 
the Daravandhoo island might be an indication of better condition (no leaks) of the 
connecting pipes.
Flushing toilets which are located in close proximity to the domestic well (in the Maldives 
islands) can be another major cause of direct contamination of well water due to the potential 
for wastewater spillage into the well. To get spillage from toilet flushing the facility could be 
located approximately within Im of the well.
Therefore similar to the close proximity to a well from a septic tank, proximity to a well from 
a latrine is also to be treated as a separate sanitary hazard, in the context of the Maldives
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islands. In addition connecting pipeline, as discussed above, can be another sanitary hazard 
in the Maldives islands. Therefore it is worth adding the following two hazards to the sanitary 
survey form for open dug wells in the Maldives islands’ context.
a) Is the latrine located in the well head area within Im o f the well?
b) Is the latrine located away from the septic tank? Is the pipeline connecting the latrine to 
the septic tank located within the safe separation distance o f the well?
The issue would be that the Hazard ID b) cannot be observed directly at the site. This will 
cause a problem to the sanitary surveyor and has more chances for false answers.
7.3 Combined risk assessment using sanitary survey observations and faecal 
contamination level
The combined analysis of the sanitary conditions of the operational courtyard of the wells and 
the assessed faecal contamination levels (Lloyd and Helmer, 1991, p i02), were used to 
evaluate the health related risk attached to the wells used in the study areas. The sanitary risk 
score classification scheme is an arbitrary grading of sanitary hazard scores (SHS) into 
different levels of relative risks. The classification scheme is used in conjunction with FC 
grades in prioritising remedial actions (where budgets are limited), to rehabilitate wells and 
hence to reduce the relative risk fi-om each sanitary hazard. Based on the combined risk 
analysis of FC grades and SHS carried out by Lloyd and Helmer (1991) and Lloyd and 
Boonyakamkul (1992), Barthiban, Lloyd and Maier (2012) used modified criteria (Table 2.14 
in Chapter 02) to assess the risks attached to the wells in this study. Tables 7.13 and 7.14 
summarises the percentage of occurrence of risk levels associated with groundwater point 
source (and its ranking), in the Maldives Islands and the Negombo region, respectively. The 
raw data fi-om which these tables are derived are presented in Appendixes C & D.
Based on the combined risk analysis, only 5.4% of the wells in the Maldives study islands, 
and none of the wells in Sri Lanka study area were at low health risk and classified as low 
action priority (Tables 7.13 & 14). The majority of wells (59% in the Maldives islands and 
58% in the Negombo region) in the study areas were at very high risk and required urgent 
action (Tables 7.13 & 14). This indicates that both study areas require an immediate 
commencement of a systematic remedial action programme for the protection of groundwater 
source and hence public health.
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Table 7.13 Percentage of occurrence of risk levels associated with groundwater point 
source in the Maldives Islands.
Study area
Period of 
study
No. of 
wells
Low risk: Low 
action priority
Intermediate to high 
risk: Higher action 
priority
Very high 
risk: Urgent 
action
Vilufushi 7/1/2008 5 0.00% 20.00% 80.00%
Vilufushi 8/1/2008 6 0.00% 33.30% 66.70%
Overall Vilufushi 11 0.00% 7270%
Thimarafushi Jan-08 21 0.00% 23.8fr% 76.20%
Thimarafushi May-08 21 0.00% 23.8fr% 76.20%
Overall Thimarafushi 42 0.00% 23.80% 76.20%
Veymandoo Jan-08 17 0.00% 29.40% 70.60%
Veymandoo May-08 17 0.00% 35.30% 64.70%
Overall Veymandoo 34 0.00% 32.40% 67.60%
Bumnee Jan-08 16 0 .00% 37.50% 62.50%
Bumnee May-08 16 0 .00% 56.30% 43.80%
Overall Burunee 32 0.00% 46.90% 53.10%
Fenfushi Feb-08 15 20.00% 53.30% 26.70%
Thoddoo May-08 15 6J0% 33.30% 60.00%
Daravandhoo Oct-08 8 37.50% 62.50% 0 .00%
Daravandhoo Dec-08 9 22.20% 22.20% 55.60%
Overall Daravandhoo 17 29.40% 41.20% 29.40%
Overall 166 5.40% 35.50% 59.00%
Table 7.14 Percentage of occurrence of risk levels associated with open dug wells in the 
Negombo region.
Study area
No. of 
wells
Low risk: Low 
action priority
Intermediate to high 
risk: Higher action 
priority
Very high 
risk: Urgent 
actionDistrict DS Division
Gampaha Negombo 8 frO% 62.5% 37.5%
Katana 17 0.0% 58.8% 4L2%
Divulupitiya 10 0.0% 40.0% 60.0%
Minuwangoda 6 0.0% 33.3% 66.7%
Puttalam Dankotuwa 13 0.0% 38.5% 61.5%
Wennappuwa 5 0.0% 20.0% 8fr0%
Nathandiya 24 0.0% 37.5% 62.5%
Mahawewa 1 0.0% 100.0% 0.0%
Kumnegala Udubaddawa 4 0.0% 0.0% 100.0%
Overall 88 0.0% 42.0% 58.0%
As a matter or interest, the combined risk analysis results of open dug wells from the 
Maldives Islands and the Negombo region are compared with that of tube wells (Table 7.15) 
from two provinces; Khon Kaen and Nakhon Ratchasima, in Thailand, studied by Lloyd and
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Boonyakamkul (1992). Basically, the groundwater point sources in the case of this project 
and the Thailand case study are different (open dug wells vs tube wells). Yet, in the macro 
view of the groundwater protection strategy development process, the outcomes from both 
studies are compared. According to this doctoral study very few open dug wells are at low 
risk, while 58% and 42% of open dug wells are at very high and high risk. A 58.2% of tube 
wells were seen as at high risk from the Thailand case study (Tsble.7.15).
Table 7.15 Combined risks for sanitary inspection and faecal coliform analysis of tube 
wells in Khon Kaen and Nakhon Ratchasima province, Thailand, 1991.
District
No. of 
samples No risk Low risk
Intermediate 
to high risk
Very high 
risk
No. % No. % No. % No. %
A. Khon Kaen
1. Banpai 30 1 3.3 2 6.7 21 70.0 6 20.0
2. Chonabot 36 0 0 9 25.0 20 55.6 7 19.4
3. Chumpae 42 0 0 7 16.7 25 59.5 10 2L 8
4. Kranuan 18 0 0 1 5.6 7 3&8 10 55^
5. Nampong 21 0 0 0 0.0 15 71.4 6 2&6
6 . Nongma 31 0 0 2 6.5 22 71.0 7 226
7. Puvieng 29 0 0 9 31.0 12 41.4 8 226
B. Nakhon Ratchasima
1. Chokchai 50 0 0 14 28.0 27 34.0 9 18.0
2. Maung 41 0 0 13 31.7 23 56.1 5 12.2
3. Paktongchai 29 1 3.4 20 70.0 8 2L 6 0 0
Source: Lloyd and Boonyakamkul (1992)
The Maldives Islands are small in extent. Hence, inevitably the septic tanks are located very 
close to open dug wells. Every household in the Maldives studied Islands owned a well. 
These wells are constmcted, operated and managed by individual households. Hence, 
obviously the sanitary conditions of the wells were not very good and a high proportion of the 
wells are at very high and high risk of faecal contamination. The Negombo region is situated 
on the west coast of Sri Lanka. Septic tank systems are widely practised in this study area. As 
in the case of Maldives Islands, the studied open dug wells in Negombo region are owned 
and operated by individual households. Therefore, obviously, all the studied wells were at 
very high and high risk of faecal contamination. In the case of the Thailand case study, the 
selected provinces are land locked. The studied tube wells in Thailand were managed by 
public services. Yet, a high proportion of the studied tube wells in Thailand were at high risk 
from sanitary hazards although the FC contamination levels were significantly lower.
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It is not only the extent of the land area or the hydrogeological conditions of the aquifer 
which plays an important role in faecal contamination of groundwater sources, but also the 
technology. Human behaviour / practices are also probably contributing to the groundwater 
point sources bacterial contamination. Constructing and maintaining proper sanitary 
conditions of groundwater point source is very much dependent on the education and attitude 
of end users (even though it is also a matter of other resources such as money, strict 
legislation) towards source protection of groundwater. Hence a participatory approach, 
including educating the end users on groundwater source protection and collecting the end 
user’s views and concerns, becomes extremely vital for the groundwater source protection 
strategy development.
7.3.1 Faecal coliform counts vs. Sanitary hazard score
The linear regression analysis of the LogFC counts and the SHS of the Maldives islands and 
the Negombo region observations indicated (Barthiban et al., 2012, a&b) the dominance of 
one or two hazards, principally the influence of septic tanks on groundwater contamination 
and potential influence from other contributory factors enhancing the faecal contamination of 
well water such as population density.
Every household in the study areas (Sri Lanka and the Maldives islands) own a well and a 
septic tank. Therefore the population density in each study area is proportional to the latrine 
density and to the level of faecal contamination from septic tank to the well water. The extent 
of the study areas and weather conditions (Section 7.2), sampling time (Section 7.4) and well 
water temperature and SC (Section 7.5) were less significant factors to impact the well water 
faecal contamination from septic tanks in the Maldives islands and in the Negombo region.
Based on the minimum FC counts observed (in the order of FC grade C) during a majority of 
the FC day-time profile observations (Section 7.4) it was deduced that the level of impact 
from septic tanks on the microbial quality of well water is in the order of minimum FC grade 
C. Among the moderate correlation observed between the FC grades C, D and E and the 
population density (Table 7.2) in the Maldives islands the Pearson correlation, r was highest 
for FC grade D, followed by FC grade C and FC grade E, in descending order. These two 
findings clearly show that impact from septic tanks on the well water microbial quality is in 
the order of FC grade D.
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In the Negombo region, well ID 71 had a SHS of one. This score was due to the presence of a 
septic tank within the safe separation distance, and associated with Grade D faecal 
contamination level. This observation clearly shows that the level of impact from the septic 
tank in the Negombo region is, similar to Maldives islands, in the order of FC grade D.
The impact of population density, and hence the latrine density, on the faecal contamination 
of well water is seen as not significant (Section 7.2) in the Negombo region. Therefore, 
localised contamination sources and events become the major cause for the faecal 
contamination of well water. It is interesting to note that due to the ubiquitous usage of septic 
tanks, very vulnerable hydrogeological conditions and non-feasibility to maintain the safe 
separation distance between the well and a septic tank, faecal contamination from septic tanks 
are also a local cause in the context of the Negombo region (which is also true in the context 
of the Maldives islands).
The impact on the microbial well water quality from an on-site sanitation system, as a local 
cause, can be much higher than that fi-om other sanitary hazards observable in the well and 
the wellhead area (Barthiban et al., 2012a, b). However, it is still vital to estimate the relative 
significance of all the other sanitary hazards for their impact on faecal contamination of well 
water in all study areas in developing remedial action strategies.
7.4 Relative significance of sanitary hazards
In order to develop a strategy for improvement and protection of well water quality, the 
surveillance data were analysed in an attempt to identify the causes of faecal contamination. 
The plot of FC vs. SHS in both Maldives islands and in the Negombo region did not show 
strong correlation between the two parameters. This could be due to the following:
Some sanitary hazards can occur frequently but are not significant causes of microbial 
contamination of well water
Some hazards can occur less frequently but could be critical to the faecal contamination 
of well water (such as hazard ID 01)
Some hazards are quantitatively related (i.e. relatively significant) to well water faecal 
contamination
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In order to prioritise the remedial interventions among the wells which require urgent 
remedial actions to improve the microbial quality, the relative significance of the observed 
sanitary hazards need to be assessed to understand the relative impact fi-om individual 
sanitary hazards on the microbial well water quality. Several statistical methods have been 
used to weight the impact of sanitary hazards (Cronin et al., 2003; Lloyd and Boonyakamkul, 
1992; Howard et al., 2003) and applied in the following sections.
7.4.1 Comparison of the percentage occurrence of sanitary hazards with different FC 
grades
Tables 7.16 to 7.21 summarize the relative significance of each sanitary hazard on the well 
water microbial quality assessed on the percentage occurrence (the methods is discussed in 
Chapter 5, section 5.5) of each sanitary hazard with different FC grades, in the Maldives. 
Table 7.22 summarises the faecal contamination levels (FC grade) potentially caused by each 
sanitary hazard in each island (and survey), based on this statistical analysis.
As can be seen from the summary table, the impact level of each sanitary hazard on the 
microbial quality of well water, in some instances, differed within two surveys on the same 
island (and the same wells). Due to the widespread usage of septic tanks, sometimes the 
significance of the septic tank on the microbial quality of well water cannot be assessed using 
this method. In other instances, where the minimum observed FC grade is above a certain 
limit (such as grade B or C) then the significance of septic tank is seen as FC grade B or C. 
However, the relative impact of the on-site sanitation system on the microbial quality of well 
water compared with other sanitary hazards can be much higher due to the ubiquitous 
occurrence of septic tanks and very vulnerable hydro-geological conditions present 
(Barthiban et al., 2012b).
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Table 7.22 The faecal contamination levels caused by each sanitary hazard (ID) in the 
Maldives islands, assessed based on percentage occurrence of each sanitary hazard with 
each FC grade.
Islands (& survey 
period)
FC grades caused by each sanitary hazard (ID)
IDl ID2 ID3 ID4 IDS ID6 ID7 IDS ID9
Vilufushi 07.01.2008 ? C C C C C C C D
Vilufushi 08.01.2008 C C C C c C C c C
Thimarafushi Jan ‘08 B B c D ? c c c B
Thimarafushi May ‘08 C C E E ? E D c C
Veymandoo Jan ‘08 C C c C D C ? c C
Veymandoo May ‘08 ? C B B E E ? c E
Burunee Jan ‘08 B B C C ? B E B C
Bumnee May ‘08 B B E C ? C C C B
Fenfushi Feb ‘08 B B B C B B B B B/C
Thoddoo May ‘08 ? D E E E C D C C
Daravandhoo Oct ‘08 ? B B B ? B/C ? B C
Daravandhoo Dec ‘08 ? E E E ? E ? E B
The percentage occurrence of each sanitary hazard with different FC grades (Barthiban et ah,
2012b) implies that for,
■ Open dug wells
o The impact of sanitary hazard ID 1 cannot be assessed due to its abundance
o Sanitary hazards ID 6 and 10 have no impact on microbial well water quality at FC 
grades D and C levels.
o The impact of the hazards ID 7 and 9 on the well water quality is at FC grade D.
o Sanitary hazards ID 2, 3, 4, 5 and 8 caused FC grade C levels of microbial 
contamination of well water.
■ Tube wells with hand pump
o The impact of sanitary hazards ID 1, 3, 4, 5 and 6 cannot be assessed due to their 
abundance
o Only, the hazard ID 2 is causing D level of faecal contamination
o Hazard IDs 7, 8 and 9 cause Grade C level of microbial contamination of well water
■ Tube wells with mechanical pump
o The sanitary hazards 1 and 2 are abundant with FC grades C and B and hence their 
impact cannot be assessed
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o Hazards ID 3, 5, 6 and 7 cause FC grade C level of microbial contamination 
o Sanitary hazard ID 4 causes FC grade B level of impact 
o Hazards ID 8, 9 and 10 cause neither C or B grade faecal contamination
Therefore this statistical method for assessing the impact of each sanitary hazard is not 
sufficient to assess the impact level when the occurrence of the hazard (e.g. on-site sanitation 
system) is ubiquitous.
7.4.2 Sanitary Hazard Index (SHI) and Sanitary Hazard Rank (SHR)
The SHI values were calculated using the steps outlined by Lloyd and Boonyakamkul (1992) 
using mean FC counts (outlined in Chapter 02 in this thesis). The SHI is calculated to assess 
the relative importance of each hazard point in its contribution towards faecal contamination 
of well water. The application of the SHI tool is realistic for a collection of groundwater point 
sources which are constmcted to a common design and tapping groundwater from a common 
aquifer type. Open dug wells in both, Negombo region and in the Maldives Islands, were 
constmcted according to the owner or mason’s design. Nevertheless, the well constmction 
methods and the stmctures were very much similar within the Maldives Islands and in the 
Negombo region. However, since the groundwater occurrence differs in the Negombo region 
and the Maldives islands, the SHI values from the two study areas cannot be compared. 
Nevertheless the SHI within either Maldives islands or the Negombo region can be 
comparable.
The summary of SHI for each observable sanitary hazard point, present in the sanitary survey 
form, is presented in Table 7.23. In the context of the Negombo region, the SHI values 
calculated using median FC counts rather than mean FC counts closely tally with the relative 
significance values calculated using other statistical methods (such as contingency table 
analysis and percentage occurrence) (Barthiban et al., 2012b). Therefore SHI values using 
median FC counts also calculated and summarised in Table 7.24.
One of the common features found in the studied Maldives Islands was the presence of 
parapet wall for almost all the studied wells. Only very few wells had issues with parapet 
wall in the form of either absence of it, or fi-actured wall. However in Thoddoo island.
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inadequate parapet wall allowing surface water to enter into the well (Q5) and in this case 
was a relatively major contributor to the faecal contamination of the studied dug wells. Once 
again, owing to the widespread occurrence of the hazard IDl the SHI value of hazard ID 1 
cannot be assessed using this method, a zero SHI value is returned for the hazards which 
were present in all the samples. This is a constraint with this method which tries to 
underestimate the significance of a significant hazard because of its high occurrence.
Table 7.23 Summary of Sanitary Hazard Index (SHI) of each sanitary hazard (ID), 
calculated based on mean faecal coliform counts, for open dug wells in the Maldives.
Island
Sampling
period
SHI
I D l ID 2 ID 3 ID 4 ID S ID 6 ID 7 ID S ID 9
Vilufushi 7/1/2008 -2.506 -0.043 0.000 0.000 -0.043 0.000 -0.043 0.000 0.199
Vilufushi 8/1/2008 -0.099 0.119 0.000 0.000 0.119 0.020 0.119 0.000 -0.184
Thimarafushi Jan-08 0.000 0.071 0.324 0.153 - -0.458 0J87 0.021 0.038
Thimarafushi May-08 0.000 0.158 0.402 0.792 - 0.395 0.268 0.027 0.023
Veymandoo Jan-08 0.000 0.027 0.109 0.218 -0.553 0.032 - 0.038 0.023
Veymandoo May-08 0.000 0.196 0.039 0.043 1.166 0.003 - 0.063 0.040
Burunee Jan-08 0.000 -0.131 0.140 -0.432 - -0.016 0J38 -0.053 0.324
Burunee May-08 0.000 -0.034 0.561 -0.572 - 0.033 0.071 0.136 -0.066
Fenfushi Feb-08 0.000 0.300 0.300 0.443 -0.697 -0.134 -0.697 0.101 0.465
Thoddoo May-08 0.000 -0.124 0.033 0.251 0.467 0.165 0.086 0.165 0.276
Daravandhoo Oct-08 0.000 0.653 0.653 0.653 _ 0.696 - 0.653 0.117
Daravandhoo Dec-08 0.000 0.543 0.656 0.543 - 0.553 - 0.543 0.115
Table 7.24 Summary of Sanitary Hazard Index (SHE) 
calculated based on median faecal coliform counts, for open
of each sanitary hazard, 
dug wells in the Maldives.
Island
Sampling
period
SHI
ID 1 ID 2 ID 3 ID 4 ID S H )6 H )7 ID S ID 9
Vilufushi 7/1/2008 -2.677 -0.303 0.000 0.000 -0.303 0.000 -0.303 0.000 0.028
Vilufushi 8/1/2008 0.042 0.251 0.000 0.000 0.251 -0.042 0.251 0.000 -0.042
Thimarafushi Jan-08 0.000 0.000 -0.044 0.155 - -0.456 0.084 0.000 -0.073
Thimarafushi May-08 0.000 0.132 0.461 0.719 - 0.321 0.194 0.000 -0.136
Veymandoo Jan-08 0.000 0.020 0.108 0.196 -0.675 0.020 - 0.020 -0.136
Veymandoo May-08 0.000 0.049 0.000 0.049 &S88 0.049 - 0.049 0.278
Burunee Jan-08 0.000 -0.011 0.100 -0.607 - 0.000 0.401 0.000 0.100
Burunee May-08 0.000 0.000 1.265 -0.370 - 0.000 0.210 0.136 -0.370
Fenfushi Feb-08 0.000 0.500 0.500 1.000 0.000 0.000 0.000 0.000 1.000
Thoddoo May-08 0.000 0.018 0.008 0.026 0.587 0.008 0.282 0.008 0.008
Daravandhoo Oct-08 0.000 0.363 0.363 0.363 - 0.634 - 0.363 -0.239
Daravandhoo Dec-08 0.000 0.181 0.215 0.181 - 0.215 - 0.181 -0.137
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7.4.3 Odds ratio
The contingency table analysis of the occurrence of the sanitary hazards together with each 
FC grade in the Maldives islands (Graphs 7.8 to 7.10) reveals that, overall;
Continuous increment in odds ratio for hazard ID 2 from FC grade E towards C implies 
that the impact of hazard ID 2, overall in the Maldives islands, on the microbial well 
water quality is FC grade C level
similarly, continuous decrease in odds ratio of hazard ID 3 from FC grade E towards C 
implies that the hazard ID 3 is contributing FC grade E level of contamination
Even though the SHI values calculated based on the median FC counts closely comply with 
the relative significance of the sanitary hazards assessed based on the other two statistical 
methods used in this report in the context of the Negombo region (Barthiban et al., 2012b), 
this was not observed with the observations made in the Maldives islands. Even though the 
SHI values calculated based on the mean and median FC counts differed from each other, 
none of those closely complied with the other methods’ findings.
The contingency table analysis of the occurrence of the sanitary hazards in the Negombo 
region revealed that (Barthiban et al., 2012b) for;
■ Open dug wells
Hazards ID 4, 7, 8 and 9 are causing Grade D level of faecal contamination. Hazards ID 3, 
4, 6 , 8 and 9 are causing Grade C level of faecal contamination. Even though hazard ID 9 
contributes to FC grades C and D, the odds ratio of hazard ID 9 with FC grade D is higher 
than that with FC grade C. Similarly the odds ratio of hazard IDs 4 and 8 are higher with 
FC grade C than grade D. Hazard ID is only contributing to FC grade D. Therefore the 
contingency table analysis imply that’
o Hazards ID 7 and 9 are contributing Grade D level of faecal contamination of well 
water
o Hazards ED 3, 4, 6 and 8 are contributing Grade C level of feacal contamination 
o Hazard IDs 2 and 10 are not contributing to FC grades C and D. 
o The impact of hazard ED 1 cannot be assessed with this method due to its abundance
■ Tube wells with hand pump
o Hazards ED 7, 8 and 9 are causing Grade C level of faecal contamination
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o Hazard ID 2 is not contributing to FC grades C or D level of contamination
o The impact of other hazards cannot be assessed with this method due to their 
abundanee
■ Tube wells with mechanical pump
o Hazards ID 3, 5, 6 , and 7 are causing FC grade C level of contamination
o Hazards ID 2 and 4 are causing FC grade B level of contamination
o Hazards ID 8 , 9 and 10 are not causing FC grades B or C level of faecal 
contamination
o The impact of Hazard ID 1 cannot be assessed with this method due to its abundanee
Three different methods of statistical analysis were used in this section to assess the relative 
impact of each sanitary hazard on the mierobial quality of well water. The main issue with all 
three methods was that due to the widespread occurrence of on-site sanitation system, these 
methods were not suffieient to assess the relative impact of on-site sanitation systems.
Even though the relative impact level of each hazard assessed using three different methods 
were comparable, important anomalies were also present. Since the on-site sanitation systems 
discharges are often very close to the wells, they can immediately impact on microbial well 
water quality with eaeh usage of the on-site sanitation system. This was shown to produee a 
wide range of FC fluctuation in well water samples, observed in a day-time FC profile. The 
range of fluetuation was great enough to have caused the differences observed in the 
significanee level of each sanitary hazard in the same island among different surveys. 
Therefore in the context of the Maldives islands (and also the Negombo region) any 
rehabilitation program to improve the microbial well water quality should first focus on 
removing/reducing the impact of on-site sanitation systems, followed by assessment of the 
relative signifieance of other sanitary hazards and their prioritization for further rehabilitation 
work.
Therefore the hypothesis (H2) that
Certain contaminants and sources, such as faecal contamination from on-site sanitation 
systems, cause more chronic issues fo r  the safety o f drinking water sources than tsunami 
inundation’ is true in the context of the Maldives islands and the Negombo region.
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Chapter 08
Conclusions and Recommendations
The year 2004 tsunami in South and South-east Asia added to the chronic problems of water 
supply and sanitation in the affected countries and complicated existing drinking water 
quality issues. The opportunity to investigate these problems arose as part of the city of 
Karlsruhe’s (Germany) humanitarian response to the December 2004 tsunami. The aim was 
to study the post-tsunami levels of contamination, related to health risks, in the groundwater 
resources in some of the affected areas, by carrying out a systematic well surveillance study. 
The objective was to provide medium to long term guidelines for the recovery and protection 
of the groundwater quality.
Bearing in mind the safe water core objective of the research grant, two hypotheses were 
proposed for testing:
HI: The adverse impact on post-tsunami groundwater quality, mainly groundwater
salinization, is a long term critical drinking water quality issue in the tsunami affected 
areas
H2: Certain contaminants and sources, such as faecal contamination from on-site
sanitation systems, cause more chronic issues for the safety of drinking water sources 
than tsunami inundation
The aims of this doctoral study are summarised below;
v) To assess the recovery of the groundwater quality in the study areas from year 2004 
tsunami impact, with respect to salinity and microbial contamination levels
vi) To identify and critically assess the sanitary hazards associated with well water using 
published water surveillance methods
vii) To evaluate the applicability of the combined risk assessment technique using sanitary 
survey observations and faecal contamination level assessment in assessing the safety of 
the groundwater point sources in very small islands compared with a larger study area, 
as a basis for developing a water safety plan
viii) To assess the current health related risks and future sustainability of the open dug wells 
used for groundwater exploitation
Whereas faecal contamination of the aquifer is a continuous process which will go on as long 
as excreta is allowed to enter the aquifer, saline intrusion is a process which depends on
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groundwater extraction rates, rainfall recharge, location and position of extraction, proximity 
to the sea (for coastal areas) / island width (for very small islands), tidal pressure waves 
(mainly for very small islands) and extreme events such as tsunamis. In order to assess the 
recovery of the groundwater quality in the study areas from year 2004 tsunami impact, with 
respect to salinity and microbial contamination levels (Aim 1), a systematic pilot scale well 
surveillance study was carried out in the Negombo region and the Maldives islands. The 
findings fi*om the field work imply that the level of recovery of the well water from 
salinization post-tsunami is dependent on:
a) The level of tsunami impact,
b) Recharge to the aquifer mainly from rainfall and also from any surface water sources 
carrying freshwater, occurring nearby, and,
c) Whether the wells are continuously exploited or not, post-tsunami.
Preliminary observations two months after the tsunami showed a substantial reduction in well 
salinity on the severely affected southernmost tip of Sri Lanka, in spite of ill-conceived 
attempts to pump out salt water in the intervening period. However, based on the three factors 
listed, different study areas showed either full recovery over a 3 year period, or not fully 
recovered due to the reasons discussed in Chapter 06, and none showed permanent damage, 
i.e. without recovery at all (Table 6.16). Therefore the acceptability of the drinking water 
sources post-tsunami in terms of salinization is dependent on the above three factors and, 
provided the factors are favourable, the drinking water quality will recover to freshwater 
status with time. Accordingly, in islands such as Vilufushi, Veymandoo and Daravandhoo the 
recovery is complete and the water is safe to drink, in terms of salinization. In the rest of the 
islands in the Maldives, except Fenfushi, recovery was still in progress at the end of the 
study, and should become safe in future, provided the current conditions remain the same. In 
Fenfushi island, sea water intrusion is a dominant problem in the southeast to western part of 
the island. Redirecting excess/all rainwater harvested from the roof into the domestic wells 
will help to replenish the freshwater lens and to control sea water intrusion particularly in this 
part of the Fenfushi island. Well water recovery post-tsunami in this part of the Fenfushi 
island could not be demonstrated. Not enough coastline data were available to understand the 
tsunami impact on well water salinization in the Negombo region and the recovery level. 
However, as per the field work SC observations, a small distance inland (about 0.7km) the 
Negombo well water is acceptable for drinking purposes in terms of salinity, except at the 
three locations (Locations ID 4, 6 and 100) for the reasons discussed in Chapter 06.
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For salinization to be controlled requires several measures. In the ease of tsunami events the 
effect of inundation by a tidal wave in coastal areas would be largely eliminated by the 
conversion of dug wells to tube wells. However, extreme care should be exerted to ensure the 
groundwater abstraction rate using tube wells are lower than the safe yield of the aquifer to 
prevent the upcoming of the interface. If it is not practical to control the groundwater 
abstraction rates using tube wells, covering the existing wells using concrete slabs can be an 
alternative solution to prevent inundation of wells by tidal wave. Sanitary completion of 
existing dug wells requires their backfilling with sand, and prior installation of an appropriate 
tube well and pump, and installation of a concrete plinth with a minimum Im radius, holding 
the pump in place. This type of upgrade will also contribute to the protection of well water 
from direct down the well faecal contamination. In the case of over-exploitation of the 
aquifer causing saline intrusion from the sea the only practical means of controlling this is by 
extraction regulatory control, including demand management, which is very difficult when 
wells are privately owned.
Even before the tsunami disaster, human faecal contamination of well water from on-site 
sanitation systems was a major issue as reported in the Maldives islands in terms of faecal 
coliform counts (Table 4.1). This was also the case in the Negombo region judged in terms of 
nitrate levels (Panabokke and Ferera, 2005, plO). In the case of microbial contamination of 
groundwater from poorly performing sanitation systems, pathogens die off with time. 
Therefore recovery of microbial groundwater quality is also dependent on time in addition to 
groundwater recharge. Therefore, the impact of the tsunami on human faecal contamination 
down the wells was immediate but transient. The far greater, chronic problem in the Maldives 
islands and the Negombo region is the general and extreme vulnerability of the aquifer to 
direct contamination from septic tank effluents. The adverse impact on post-tsunami 
groundwater quality, mainly groundwater salinization, may be a critical drinking water 
quality issue in the tsunami affected areas immediately after the tsunami impact, but may not 
be a permanent issue, provided the three factors discussed above are favourable. Therefore 
the first hypothesis is not verified by this research study.
Using methods published by WHO (1997) for combined hazard identification and faecal 
contamination, a surveillance study of open dug wells was carried out in the Maldives islands 
and in the Negombo region of Sri Lanka. This study was used to assess the validity of the
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application of the published surveillance methodology (WHO, 1997) in the context of highly 
vulnerable hydro-geological settings of the Maldives islands and the south-west coastal 
region of Sri Lanka.
The published (WHO, 1997) general surveillance methodology was tested in Zambia, Peru 
and Indonesia (Lloyd and Helmer, 1991), and, in Thailand (Lloyd and Boonyakamkul, 1992), 
and shown effective in assessing the health risk of water supplies and recommending 
remedial actions based on the combined risk assessment. The type of facility studied in 
Thailand (Lloyd and Boonyakamkul, 1992) was exclusively tube wells which were regularly 
maintained by the local authorities. Due to the relatively greater depth at which groundwater 
is tapped in a tube well, compared with that of shallow open dug well, and being under 
regular maintenance, the microbial water quality of the tube wells studied in Thailand (Lloyd 
and Boonyakamkul, 1992) was superior to the well water quality in the Maldives study 
islands and in the Sri Lanka study areas, investigated in this research project.
Two of the study areas of the countries in which the published (WHO, 1997) surveillance 
methodology was tested were land locked areas with the hydro-geologieal conditions which 
possessed less vulnerable aquifer to surface applied pollutants, the third was also mainly 
inland although in a coastal province of Java, Indonesia. The combined risk analysis was used 
and proved efficient in prioritizing remedial actions, and improving microbial quality, based 
on systematic removal of the observed hazards of the tube wells in inland provinces of 
Thailand (Lloyd and Boonyakamkul, 1992). The hydro-geological setting and population 
density in the Maldives, in very small study islands, and the Sri Lanka coastal study area, 
were shown to cause the aquifers to be extremely vulnerable to pollution. Consequently, 
fundamental changes were made to the published generic sanitary inspection method (WHO, 
1997) for identifying sanitary hazards, for its applieation in the extremely vulnerable hydro- 
geological setting of the Maldives islands and the Negombo region (Aim 2).
Furthermore, the expected benefit of using eombined sanitary survey and faecal 
contamination level assessment to prioritize specific remedial actions to improve the 
microbial quality of well water was not realized in this study, in contrast to earlier published 
studies (Aim 3). The principal reasons for this methodological failure are:
1. the hydro-geological conditions of the study areas make the aquifers extremely vulnerable 
to contamination from septic tank effluents
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2. with the occurrence of a very shallow groundwater table, especially in the Maldives, 
septic tanks are constructed partly within the shallow aquifer resulting in direct faecal 
contamination of the aquifer by tank effluents
3. basic rules of construction of septic tanks e.g. water tight tank linings and tile field 
construetion for effluent treatment, are ignored, compounding the problem of direct faecal 
contamination
4. the close proximity of septic tank effluents to dug wells occurs almost everywhere in the 
Maldives islands, and the septic tank effluents are released well within a distance 
equivalent to a 25-day groundwater travel time. This travel time is used by the BGS 
ARGOSS (2001) to define a groundwater abstraction system as being at significant risk. 
This close proximity of septic tank effluents to dug wells in the study areas overwhelms 
the contribution of all other potential hazards.
Therefore, the most important hazard controlling the intensity of faecal contamination in the 
study areas was the safe separation distance between septie tank effluent and the well. In less 
vulnerable hydro-geological settings the safe separation distanee may be as little as 10 m 
(WHO, 1997). However, as a result of this study it has become clear that, under the 
conditions prevailing in the Maldives sanitary hazard question No.l the safe distance, has to 
be substantially extended in the context of defined aquifer vulnerability. This is the factor 
which, above all others, influences the level of faecal contamination of dug wells. It was 
demonstrated that, due to the prevailing hydro-geologieal conditions and the well and 
sanitation system densities, a safe separation distance could not be achieved. Consequently, 
septic tank effluent quality must be greatly improved. The widely used septie tanks alone are 
not adequate since the level of sanitary indicators in their effluents is typically in excess of 
100,000 faecal coliforms per 100ml. This means that additional treatment, such as raised tile 
fields, are essential to reduce faecal contamination to below levels of 1,000 fc/lOOml, before 
the effluents are discharged to the aquifer. Once this is in place, owing to the very vulnerable 
hydrogeological setting of the Maldives islands, the well water quality should be monitored 
twice per year (once in wet season and once in dry season) for faeeal contamination levels.
Therefore the well surveillance study identified the urgency for a sanitation improvement 
programme necessary to improve the microbiological quality of groundwater in the Maldives 
islands and the Negombo region. The well water quality results showed that;
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FC grade ‘D’ was most frequently observed in the Maldives islands, and FC grade ‘C’ 
occurred most frequently in the Negombo region
above 70% of the wells in the Maldives islands (79%), and in the Negombo region 
(70%), had water with faecal contamination levels above FC grade C (11-100 cfu/lOOml) 
a low level of compliance, with WHO Drinking Water Quality Guideline values (zero 
counts/100ml of sample), was observed in the Maldives islands (6% of the wells) and in 
the Negombo region (1% of the wells) due to the very vulnerable hydrogeological 
conditions of the aquifers and the widespread faecal contamination from the on-site 
sanitation systems, as discussed in this theses.
Based on the combined risk analysis, only 5.4% of the wells in the Maldives study islands, 
and none of the wells in the Sri Lanka study area were categorised as low risk and of low 
remedial action priority. A majority of the wells (59% in the Maldives islands and 58% in the 
Negombo region) in the study areas were at very high risk and required urgent aetion.
Therefore the 2"  ^hypothesis of this study, ‘certain contaminants and sources, such as faecal 
contamination from on-site sanitation systems, cause more chronic issues for the safety of 
drinking water sources than tsunami inundation’ is verified.
The other findings from the field work carried out in the study areas were:
■ The widespread faecal contamination of well water from on-site sanitation systems, 
together with the occurrence of very vulnerable aquifers, irrespective of different land 
area and population density, made the well water faecal contamination levels comparable 
(with 95% confidence) among each of the Maldives islands with the DS Divisions in the 
Negombo region.
■ According to this field work results and literature review, it is well established that dug 
wells (the majority in this study) are typically more heavily contaminated than tube wells.
■ A linear regression analysis between the mean FC counts and population density showed 
moderate (0.3 < Pearson, r < 0.7) eorrelation (Pearson, r = 0.587) in the Maldives islands, 
and no (Pearson, r < 0.1) correlation (Pearson, r = 0.046) in the Negombo region.
■ The linear regression analysis of the population density and aerial extent with the 
percentage of FC grades C, D and E in study areas showed that:
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- The areal extent of the Maldives islands is weakly inflneneing the FC grades of the well 
water, while population density had moderate correlation with FC grades, especially 
Grade D.
- These correlation values imply that neither the area nor the population density in the 
Negombo region is a major factor controlling the observed faecal contamination levels.
- The close correlation (even though weak) between the area and FC grades C/D 
observed in both study areas is most likely related to the impact of on-site sanitation 
systems through aquifer pathways.
The linear regression analysis of the LogFC counts and the SHS of the Maldives islands 
and the Negombo region observations indicated (Barthiban et al., 2012, a&b) 
o In general, increasing levels of the observed SHS was positively correlated with 
increased levels of faecal contamination, 
o Also, the dominance of one or two hazards, principally the influence of septic tanks 
on groundwater contamination and potential influence from other contributory factors, 
such as population density, is enhancing the faecal contamination of well water.
The extent of the study areas and weather conditions (Section 7.2), sampling time 
(Section 7.4) and well water temperature and SC (Section 7.5), were less signifreant 
factors to impact the well water faecal contamination than on-site sanitation systems, in 
the Maldives and in the Negombo region.
Aceording to the combined risk analysis of sanitary survey observations and faecal 
contamination assessment, (except for Ql), the most frequently observed hazard point 
was not always the most significant hazard point in causing faecal contamination of 
groundwater point sources
Three different methods of statistical analysis were used (Section 7.4) to assess the 
relative impact of each sanitary hazard on the microbial quality of well water, 
o The main issue with all three methods was that, due to the widespread occurrence of
on-site sanitation system, these methods were not sufficient to assess the relative 
impact of on-site sanitation systems, 
o Different sanitary hazard point/points contributed different levels of signifieanee in
causing faecal contamination of groundwater point source in the Maldives Islands and 
Negombo region. There was no regular / repeating pattern of relative signifieanee in 
the contamination of groundwater point sources emerging from the analysis, even 
among the Maldives Islands. The possible causes for the uneertainty could be 
eomplexity of the aquifer system, uncertainty in the permeability of the aquifer, the
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potential sewage leakage from the connecting pipe of the latrine and the pit (Section 
7.2.1) and, most importantly, the faecal contamination of well water from septic tank 
leakage is a critical in the study areas. The presence of localised pathways is 
additional to the overall impact on on-site sanitation system. Therefore the impact of 
the on-site sanitation system need to be assessed to know whether the uncertainty over 
the level of impact from the other sanitary hazards still present.
Based on the frequency of occurrence of the sanitary hazards, in general, none of the 
wells sampled in the Maldives islands and the Negombo region were free of sanitary 
hazard points (i.e. zero SHS). Sanitary hazard point 1 was the most frequently observed 
hazard (Barthiban et al., 2012a&b) in both study areas. In general, hazard ID 5 (absence 
of parapet wall) of open dug well is the least common in both study areas. The combined 
analysis of the occurrence of the Hazard ID 5 and the corresponding faecal contamination 
levels in the wells highlighted that even with the presence of inadequate parapet wall, few 
wells showed lower or no faecal contamination. This analysis further highlighted that the 
observed faecal contamination levels in the wells whieh had inadequate parapet wall, was 
most likely have come from on-site sanitation system and other sanitary hazards present 
in the well and the wellhead area, rather than from the absence of an adequate parapet 
wall. Therefore absence of adequate parapet wall which could allow human faecal 
contaminated surface water to get into the well is not a critical hazard in the context of the 
Maldives islands and the Negombo region.
In schematic GIS maps of the aerial distribution of the observed FC counts in the 
Maldives islands, the zonal concentration variations and their distribution appear, in most 
cases, to show random variation of the faecal contamination levels. This heterogeneity 
ean be attributed to the occurrence of localised contamination pathways which are 
randomly spread in each study area, and partly based on the sanitary conditions of each 
well and the well head area. The impact of the presence of localised pathways on the 
microbial quality of well water is additional to the overall impact of the on-site sanitation 
systems in both the Maldives islands and in the Negombo region. However, in each 
Maldivian island, where January and May surveys have been compared, the repeating 
pattern of high and low FC concentration in certain areas represent a genuine, more 
intense source of contamination which is most likely to have come from the sanitation 
system effluents in those areas. Because, due to the very vulnerable hydro-geological 
conditions and the failure to maintain a safe separation distance between the well and the
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septic tanks, the contamination from on-site sanitation systems (which is dependent on 
the population density) can also be considered as local cause.
■ The comparison of the microbial quality of mosque and abandoned wells in the Maldives 
islands with a wide range of faecal contamination levels reveals that, due to the 
widespread contamination of well water from on-site sanitation systems, unsanitary 
conditions of the well and very vulnerable aquifers, the faeeal contamination levels of 
these (mosque and abandoned) wells fluctuated from good to bad quality, failing the 
general expectation of better microbial quality in these wells.
■ A comparison of the combined risk analysis results of open dug wells from this research 
study with that of tube wells from two provinces in Thailand, studied by Lloyd and 
Boonyakamkul (1992), showed that it is not only the extent of the land area or the 
hydrogeological conditions of the aquifer which plays an important role in faecal 
contamination of groundwater sources, but human behaviour / practices are probably also 
equally contributing to the groundwater point sources bacterial contamination. 
Constructing and maintaining proper sanitary conditions of a groundwater point source is 
very much dependent on the education and attitude of end users (even though it is also a 
matter of other resources such as money, strict legislation) towards source protection of 
groundwater. Hence a participatory approach, including educating the end users on 
groundwater source protection and collecting the end user’s views and concerns, becomes 
extremely vital for the groundwater source protection strategy development.
8.1 Conclusions
According to the findings from the well surveillance studies carried out in the Maldives and
in the Negombo region of Sri Lanka, the following conclusions and recommendations are
made:
1. The findings from the field work carried out in the Negombo region and the Maldives 
islands regarding the well water salinity levels imply that the level of recovery of the well 
water from salinization post-tsunami is dependent on
a) The level of tsunami impact,
b) Recharge to the aquifer mainly from rainfall and also from nearby surfaee water 
sources carrying freshwater, and,
c) Whether the wells are continuously exploited or not, post-tsunami
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Provided that the above-mentioned factors remain favourable, with time, the post-tsunami 
well water salinity levels will recover to freshwater conditions. This was witnessed during 
the field work carried out in the Maldives islands, whereas the impact of the tsunami on 
human faecal contamination down the wells was immediate but transient. Therefore the 
hypothesis HI of this research study that ‘the adverse impact on post-tsunami groundwater 
quality, mainly groundwater salinization, is a long term critical drinking water quality 
issue in the tsunami affected areas’ is not verified.
2. The field work carried out to fulfil the aims of this research study verified the 2"  ^research 
hypothesis, which is ‘certain contaminants and sources, such as faecal contamination from 
on-site sanitation systems, cause more chronic issues for the safety of drinking water 
sources than tsunami inundation’.
The far greater, ehronic problem in the Maldives islands and the Negombo region is the 
general and extreme vulnerability of the aquifer to direct contamination from septic tank 
effluents. Therefore in the context of the Maldives islands (and also the Negombo region) 
any rehabilitation program to improve the microbial well water quality should first focus 
on removing/reducing the impact of on-site sanitation systems, followed by assessment of 
the relative significance of other sanitary hazards and their prioritization for further 
rehabilitation work.
8.2 Recommendations
With the understanding gained from this research study, the following additional
recommendations are made:
a) In areas where prevailing hydro-geological conditions are very vulnerable to direct 
human faecal contamination of well water, the effluent quality of on-site sanitation 
systems needs to be greatly improved to protect the microbiological quality of the 
aquifer. Once this cardinal rule is met subsequent well surveillance studies can be carried 
out to critically assess the other sanitary hazards present in wells and the wellhead area, 
which impact the microbial quality of well water. Then combined risk analysis of 
sanitary survey observations and the microbial quality results can be used to prioritise 
remedial actions to further improve the microbial well water quality.
b) The post-tsunami well water salinity levels immediately after the tsunami is dependent 
on the level of tsunami impact experienced. Nevertheless, under natural conditions, with
234
Chapter 08 Conclusions and Recommendations
rainfall recharge, the well water salinity levels ean reeover within 3 years (as seen in the 
context of Vilufushi island. Section 6.3.1). Continuous exploitation of well water in the 
tsunami affected areas will retard the recovery of the well water salinity levels. Hence 
water experts might plan for the use of alternative sourees of water until salinity levels 
return to acceptable levels.
c) The very high electrical conductivity observations made at three locations (ID 4, 6 and 
100) in the Negombo region were a result of the combination of tube well abstraction 
and proximity to the Negombo seawater lagoon. Using tube wells (and mechanical 
pumping) for groundwater abstraction is a recent trend practised in the Negombo region. 
When tube wells are used for groundwater abstraction, the cone of depression of the 
groundwater table will be much higher than that of open dug wells because of the 
comparatively small diameter of the hole used for groundwater abstraetion at higher 
rates. Coastal areas or areas in close proximity to a lagoon which carries sea water, 
where tube wells are used for groundwater abstraetion are more vulnerable to well water 
salinization issues due to sea water intrusion. Therefore, based on the lessons learned 
from Negombo region, usage of tube wells (and the pumping rates), in the coastal areas 
or near a lagoon whieh carried sea water, should be restricted and/or prohibited to 
reduce/avoid sea water intrusion.
d) The combined sanitary survey and faecal contamination level assessment theory was 
very successful in prioritising hazard points for remedial actions in Thailand (Lloyd and 
Boonyakamkul, 1992). However, in the study reported here, this combined risk 
assessment technique initially failed to effeetively identify the most important cause of 
faecal contamination. This was in part due to the very vulnerable hydrogeological 
conditions prevailing in the study areas. However, direct human faecal contamination of 
the aquifers, due to the widespread usage of on-site sanitation systems, overwhelmed the 
impaet of other sanitary conditions on the microbial quality of well water. This problem 
was illuminated and high-lighted by an intensive study of faecal contamination of several 
wells during a short period when major increases in the FC populations could be 
correlated with toilet flushing. In spite of this difficulty, the inereasing number of 
sanitary hazard points observed in each of the study areas was positively correlated with 
the observed faecal contamination levels of the groundwater point sources. Also the 
published (WHO, 1997) surveillance methodology is relatively very simple and easily 
applicable. Therefore the same methodology can be used to analyse the relative risks of 
the groundwater point sources present in any study area, provided the overwhelming
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impact from widespread usage of on-site sanitation systems are dealt with before the 
surveillance study commences. Based on the surveillance study outcome, depending on 
the available resources, the point sources can be rehabilitated to improve the bacterial 
quality of groundwater. The faecal coliform and sanitary hazard score classification 
scheme can be modified aceording to the range of observations made in a study. This has 
to be done to make the remedial action prioritising process realistic,
e) In the case of the Maldives islands and in the Negombo region, due to the very 
vulnerable hydro-geology and on-site sanitation system practices, the direct 
contamination of groundwater from on-site sanitation system is inevitable. 
Unfortunately, the improvement of the wastewater treatment is the most expensive of the 
interventions required. However, the best combination o f sanitation unit processes must 
be the first priority in the Maldives islands, to efficiently contain and remove the faecal 
coliforms at the source, and reduce the direct contamination of aquifers. The combined 
sanitary survey and faecal contamination level assessment theory can then be used in 
prioritising other remedial actions, if required, to further improve the bacterial quality of 
well water.
In addition to the above recommendations a regular well water quality monitoring program 
for well water spécifié conductivity, faecal contamination levels and well water abstraction 
rates should be in place in both study areas. Owing to the prevailing very vulnerable 
hydrogeological conditions in both study areas, the frequency of well water sampling should 
be twice per year, incorporating both wet and dry seasons. A proper database of the 
monitoring data needs to maintained and secured for the development of Waster Safety Plans 
and for eomparison such as in the case of well water quality recovery post tsunami. Even 
though rainwater harvesting is partially (only the half of the roof area) practiced in the 
Maldives islands, the potential should be fully explored in both study areas to reduce the over 
exploitation of groundwater. Rainwater harvesting will also help to maintain or increase the 
freshwater lens at each locality by redirecting the rainwater into the wells. This will help to 
prevent the loss of rainwater into the sea in the form of surface runoff, without being utilised 
for groundwater recharge. In a broader aspect, proper knowledge about all the water 
resources available in the study areas and their interactions need to be developed. This 
knowledge can be utilised to develop hydrologie and hydraulic models of the water resources 
in the study areas. Modelling the water resources in the study areas will help understand the 
water quality issues in more details and also will help to forecast future water quality issues.
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8.3 Broader contribution of the research
In previous studies (Howard et al., 2003; Cronin et al., 2003; Cronin et al., 2006) the 
combined risk analysis of sanitary survey and microbial contamination level was used to 
assess the health risk attaehed to the water supply and to reeommend remedial action to 
improve microbial water quality. Godfrey (2006) through his doctoral research study (about 
the groundwater sources in Lichinga, Mozambique) highlighted that, how ‘safe water’ source 
is defined will affect the percentage value of population which has access to safe water, in 
measuring the progress of achieving the UN MDGs. Godfrey (2006) used the source- 
pathway-receptor principle to analyze the problem and used statistical methods to assess the 
relative weight of the sanitary hazards. According to Godfrey (2006) the sanitary hazards 
present (with varying significance) in the water supply will determine the safety of the water 
from the water supply.
However, this doctoral research study highlights the fundamental problem in the application 
of the published surveillance methodology in the context of very vulnerable hydro-geological 
conditions, where the source of pollution (on-site sanitation system/leaking latrine pit) is 
ubiquitous, and overwhelms the impact from sanitary hazards on the faecal contamination of 
groundwater point sources. Under this scenario safe excreta disposal is the foremost 
important issue to be attended first. In the second step the impact from the sanitary hazards 
can be weighted to determine the safety of water supply with regard to the UN MDGs. This 
applied research study has identified the need to focus on poor on-site sanitation (e.g. septic 
tank) technologies which require major improvement (Barthiban & Lloyd, 2009) of microbial 
performance efficiency to protect aquifers from eontamination.
This study highlights the fundamental ehanges needed to a) improve sanitation technologies 
performance, and b) key revisions to the surveillance methodology of WHO (1997), for the 
prevention of microbial contamination of groundwater resources and supplies. Unless these 
problems are addressed, groundwater supply, under very vulnerable hydro-geological 
conditions, will become and continue to be impaired. Consequently water safe plans will fail 
to improve the safety of water supplies and target 17 of the UN MDGs will not be met.
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Appendix C The Negombo region field  work observations
Modified sanitary survey form for open dug wells in the context of the Negombo region
1. Is there a latrine within the safe separation distance o f the well?
2. Is there any other source ofpollution (e.g. animal excreta, rubbish) within 10 m o f the 
well?
3. Is the drainage poor, causing stagnant water within 2m o f the well?
4. Is there a faulty drainage channel? Is it broken, permitting ponding?
5. Is the wall (parapet) around the well inadequate, allowing surface water to enter the 
well?
6. Is the concrete floor less than Im wide around the well?
7. Are the walls o f the well inadequately sealed at any point fo r  3m below ground?
8. Are there any cracks in the concrete floor around the well which could permit water to
enter the well?
9. Are the rope and bucket left in such a position that they may become contaminated?
10. Does the installation require fencing?
Table C.2 Sanitary survey observations of open dug wells from the Negombo region
Location ID
Sanitary (Hazard) snrvey question ID (1 -  Yes; 0 -  No)
1 2 3 4 5 6 7 8 9 10
1 1 0 1 1 0 1 0 0 1 1
2 1 0 1 1 0 1 0 0 0 1
5 1 1 1 0 1 1 0 0 1
7 1 0 1 1 0 1 1 1
8 1 1 1 1 0 1 0 0 1
9 1 0 1 1 0 1 1 0 0 1
11 1 0 1 1 1 1 1 0 1
12 1 1 1 1 0 1 1 1 0 1
14 1 1 1 1 0 1 1 1 1 1
16 1 0 1 1 0 1 1 1 1 1
17 1 1 1 1 0 1 1 1 1 1
18 1 0 1 1 0 1 1 1 1 1
19 1 1 1 1 0 1 1 1 1 1
20 1 0 1 1 0 1 1 1 1 1
22 1 1 1 1 0 1 1 1 1
24 1 0 1 1 0 1 1 1
25 1 1 1 1 0 1 1 1 1 1
26 1 1 1 1 0 1 1 1 1
27 1 1 1 1 0 1 1 1 1 1
28 1 0 1 1 0 1 1 1
29 1 1 1 1 0 1 1 1 1 1
31 1 1 1 1 0 1 1 1 1
32 1 1 1 1 0 1 1 1 1 1
33 1 1 1 1 0 1 1 1 1 1
34 1 1 1 1 0 1 1 1 1 1
35 1 1 0 1 1 1 1
36 1 1 1 1 0 1 1 1 1 1
37 1 0 1 1 0 1 1 1
39 1 1 1 1 0 1 1 1 1 1
40 1 1 1 1 0 1 1 1 1 1
41 1 1 1 1 0 1 1 1 1 1
- 10-
Appendix C The Negombo region field  work observations
42 1 1 1 1 0 1 1 1 1 1
43 1 1 1 0 1 1 1 1 1
44 1 1 0 0 1 1 1 1 1
45 1 1 1 1 1 1 1 1 0 1
46 1 1 1 0 0 1 1 1 0 1
47 1 1 1 1 1 1 1 1 1 1
48 1 1 1 1 0 1 1 1 1
49 1 1 0 0 1 0 1
50 1 1 1 1 0 1 1 1 1 1
51 1 1 0 0 1 1 1 1
52 1 1 1 0 0 1 1 1 1 1
53 1 1 1 0 0 1 1 1 1
54 1 1 1 1 0 1 1 1 1 1
55 1 1 1 1 0 1 1 1
56 1 1 1 1 0 1 1 1 1
57 1 1 1 1 0 1 1 1 1
58 1 1 1 1 0 1 1 1 0 1
59 1 1 1 1 0 1 1 1 1
60 1 1 1 1 0 1 0 1
61 1 1 1 1 0 1 1 1 1 1
62 1 1 1 1 0 1 1 0 1
63 1 1 1 1 0 1 1 1 1 1
64 1 1 1 1 0 1 1 0 1
65 1 1 1 1 0 1 1 1 1 1
66 1 1 1 1 0 1 1 1 0 1
67 1 1 1 1 0 1 1 1 0 1
68 1 1 1 1 0 1 1 1 1
69 1 1 1 1 0 1 1 1 0 1
71 1 0 0 0 0
73 1 1 0 0 0 1 1 1 1
74 1 1 0 1 0 1 1 1 0 1
75 1 1 0 0 0 1 1 0 1
76 1 1 0 0 0 1 1 1
77 1 1 1 1 0 1 1 1 0 1
78 1 1 1 1 1 1 1 1 0 1
79 1 1 1 1 0 1 1 1 1 1
80 1 1 0 0 1 0 1
81 1 1 1 1 0 1 1 1 1 1
82 1 1 1 1 0 1 1 1 1
83 1 1 1 1 0 1 1 1 1 1
84 1 1 1 1 0 1 1 1 1 1
85 1 1 1 1 0 1 1 1 1 1
86 1 1 1 1 0 1 1 1 0 1
87 1 1 1 1 0 1 1 1 1 1
88 1 1 1 0 0 1 1 1 0 1
89 1 1 1 0 1 1 1 0 1
90 1 1 1 1 0 1 1 1 1 1
91 1 1 1 1 0 1 1 1 1 1
92 1 1 1 1 1 1 1 1 1 1
93 1 1 0 0 1 1 1 1 1
94 1 1 1 0 0 1 1 1 1 1
95 1 1 1 1 0 1 1 1 0 1
96 1 1 1 1 0 1 1 1 0 1
97 1 1 1 1 0 1 1 1 1 1
98 1 1 1 1 0 1 1 1 0 1
99 1 1 1 1 0 1 1 1 1 1
101 1 1 0 1 0 1 1 1 1 1
11 -
Appendix C The Negombo region field  work observations
Modified sanitary survey form for tube wells with hand pump in the context of the 
Negombo region
1. Is there a latrine or sewer within the safe separation distance o f the hand pump?
2. Is there any other source o f pollution (e.g. animal excreta, rubbish. Surface water) 
within 10 m o f the hand-pump?
3. Is the drainage poor, causing stagnant water within 2m o f the hand-pump?
4. Is the hand-pump drainage channel faulty? Is it broken, permitting ponding? Does it 
need cleaning?
5. Is the fencing around the hand-pump inadequate, allowing animals in?
6. Is the concrete floor less than Im wide all around the hand-pump?
7. Is there any ponding on the concrete floor around the hand-pump?
8. Are there any cracks in the concrete floor around the hand-pumpwhich could permit 
water to enter the well?
9. Is the hand-pump loose at the point o f attachment to the base so that water could enter 
the casing?
Table C.3 Sanitary survey observations of the tube wells with hand pumps from the 
Negombo region
Location ID
Sanitary (Hazard) survey question ID (1 -  Yes; 0 -  No)
1 2 3 4 5 6 7 8 9
6 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 0 0 0
15 1 1 1 1 1 1 1 1 1
21 1 0 1 1 1 1 1 1 1
23 1 1 1 1 1 1 1 1 1
30 1 1 1 1 1 1 1 1 1
100 1 1 1 1 1 1 1 1 1
12
Appendix C The Negombo region field  work observations
Modified sanitary survey form for tube wells with mechanical pump in the context of the 
Negombo region
1. Is there a latrine or sewer within the safe separation distance o f  the pump-house?
2. Is the nearest latrine a pit latrine that percolates to soil, i.e. un-sewered?
3. Is there any other source o f pollution (e.g. animal excreta, rubbish, and surface water) 
within 10 m o f the borehole?
4. Is there an uncapped well within 15—20 m o f the borehole?
5. Is the drainage area around the pump-house faulty? Is it broken, permitting ponding 
and/or leakage to ground?
6. Is the fencing around the installation damaged in any way which would permit any 
unauthorized entry or allow animals access?
7. Is the floor o f the pump-house permeable to water?
8. Is the well seal unsanitary?
9. Is the chlorination functioning properly?
10. Is chlorine present at the sampling tap?
Table C.4 Sanitary survey observations of the tube wells with mechanical pump from 
the Negombo region
Location
ID
Sanitary (Hazard) snrvey question ID (1 -  Yes; 0 -  No)
1 2 3 4 5 6 7 8 9 10
3 1 1 1 1 1 1 1 0 0 0
4 1 1 0 0 0 0 0 0 1 1
10 1 1 1 0 1 1 1 1 1 1
38 1 1 1 1 1 1 1 1 1 1
70 1 1 1 1 1 1 1 0 1 0
72 1 1 1 0 1 1 1 0 0 0
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Appendix D The Maldives Islands field  work observations
Appendix D 
The Maldives field work observations 
Modified sanitary survey form for open dug wells in the context of the Maldives islands
Ql: Is there a latrine within the safe separation distance o f the well? Is it on higher ground 
than the welll
Q2: Is there any other source ofpollution (e.g. animal excreta, rubbish) within 10 m o f the 
well?
QS: Is the drainage poor, causing stagnant water within 2m o f the well?
Q4: Is there a faulty drainage channel? Is it broken, permitting ponding?
Q5: Is the wall (parapet) around the well inadequate, allowing surface water to enter the 
well?
Q6: Is the concrete floor less than Im wide around the well?
Q7: Are the walls o f the well inadequately sealed at any point fo r  3m below ground?
Q8: Are there any cracks in the concrete floor around the well which could permit water to 
enter the well?
Q9: Is the groundwater abstraction means ( ‘Dhani )  left in such a position that it may 
become contaminated?
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Appendix D The Maldives Islands field  work observations
1. Observations from Vilufushi island
Table D.3 Details of the Vilufushi island observation sites
Location ID Type o f structure W ell shape W ell diam eter (m) Parapet w all height (m)
VOIW Well round 1.10 0.74
V02W Well square 1.00 X  1.00 0.90
V04W Well round 1.00 0.73
V07W Well round 1.05 0.00
V09W Well round 1.14 0.40
VOlEx Excavation - -
V02Ex Excavation square - -
V03Ex Excavation
VIOW Well round - -
Table D.4 The Specific conductivity depth profile observations made in the dug wells in 
the Vilufushi island on the 07.01.2008.
Location ID
Depth to water level 
from GL (m) N o te(W T /W L /W B ) SC
Depth at 
SC=2500 (m)
W ell penetration 
(m)
Morning 07/01/2008
VOIW 0.86 WT 949 59.30 0.81
1.26 WL 964
1.36 WL 964
1.67 WB 964
V02W 1.50 WT 381 20.15 0.75
2.10 WL 413
2.25 WB 462
V04W 1.32 WT 657 15.99 0.74
1.97 WL 744
2.06 WB 744
V07W 0.98 WT 1499 20.89 0.77
1.10 WL 1524
1.50 WL 1524
1.75 WL 1533
V09W 1.22 WT 335 341.30 0.25
1.47 WB 337
Evening 07/01/2008
VOIW 0.86 WT 870 18.11 0.82
1.26 WL 920
1.68 WB 945
V02W 1.50 WT 231 8J% 0.86
1.80 WL 404
2.36 WB 468
V04W 1.32 WT 466 - 0.79
1.77 WL 741
2.11 WB 739
V07W 1.03 WT 781 2.16 0.67
1.20 WL 1375
1.50 WL 1494
1.70 WB 1697
V09W 1.23 WT 284 61.49 0.26
1.49 WB 294
V02Ex 1.35 WT 765 - 0.33
1.68 WB 763
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Table D.5 The Specific conductivity depth profile observations made in the dug wells in 
the Vilufushi island on the 08.01.2008.
Location ID
Depth to water level* 
from GL (m) Note (W T /W L /W B) SC
Depth at 
SC=2500
W ell penetration  
(m)
M orning 08/01/2008
VOIW 0.90 WT 973 - 0.75
1.26 WL 973
1.65 WB 973
V02EX 1.30 WT 796 45.68 0.30
1.60 WB 808
V02W 1.50 WT 357 13.60 0.84
2.10 WL 413
2.34 WB 500
V04W 1.34 WT 622 12.42 0.73
1.77 WL 673
2.07 WB 744
V07W 1.00 WT 827 2.30 0.70
1.50 WL 1583
1.70 WB 1632
V09W 1.23 WT 208 5.31 0.24
1.47 WB 343
Evening 08/01/2008
VOIW 0.89 WT 889 13.33 0.74
1.26 WL 960
1.63 WB 963
V02EX 1.30 WT 792 252.81 0.35
1.65 WB 794
V02W 1.46 WT 393 30.34 0.86
2.10 WL 416
2.32 WB 453
V04W 1.32 WT 354 4.80 0.75
1.77 WL 719
2.07 WB 743
V07W 1.00 WT 1341 2.91 0.70
1.50 WL 1528
1.70 WB 1772
V09W 1.25 WT 286 24.49 0.22
1.47 WB 307
VOlEx 1.17 WT 1177 115.06 0.54
1.71 WB 1183
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Appendix D The Maldives Islands field  work observations
2. Observations from Thimarafushi island
Table D.8 Details of the Thimarafushi observation sites
Location ID Address Description Type o f structure W ell shape
ThOlW Kulhidhoshuge Private house Well round
Th02W Asseyri Private house Well round
Th03W Roashaneege Private house W ell round
Th04W No.56, Daizymage Private house W ell round
Th05W Seenuge Private house Well round
Th06W Janawaryge Private house W ell round
Th07W Dhekunuge Private house Well half circle
Th08W Ashrafee villa Private house W ell round
Th09W School School W ell -
ThlOW Hithigasdhoshuge Private house Well round
T h llW Muthee house Private house W ell round
Thl2W Gulbakaa villa Private house Well round
Thl3W Aanu Private house Well round
Thl4W Oasis Private house W ell round
Thl5W Mosque Mosque Well round
Thl6W Miri Shop +  Residence Well round
Thl7W Maafolheyge Private house W ell round
Thl8W Maajehige Private house Well round
Thl9W Villa Private house W ell round
Th20W Chandhany villa Private house Well half circle
Th21W Kamatheege Private house Well half circle
Th22W Ahhsitha Private house W ell round
Table D.9 Well water faecal coliform counts at Thimarafushi island observation sites 
during January 2008.
Location
ID Date Time Weather
Sample 01 Sample 02
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
ThOlW 1/9/200S 14:20 Sunny 1 2 200 1 1 100
Th02W 1/9/200S 14:4S Sunny 1 2 200 1 3 300
ThOSW 1/9/200S 1S:00 Sunny 1 9 900 1 15 1500
Th04W 1/9/200S 1S:20 Sunny 1 <1 <100 1 1 100
ThOSW 1/9/200S 1S:4S Sunny 1 >300 >30000 1 >300 >30000
Th06W 1/9/200S 16:00 Sunny 1 12 1200 1 1 100
Th07W 1/9/200S 16:20 Sunny 1 7 700 1 11 1100
ThOSW 1/9/200S 16:40 Sunny 1 1 100 1 6 600
Th09W 1/10/200S 10:10 Sunny 1 <1 <100 1 <1 <100
ThlOW 1/10/200S 10:4S Sunny 1 2 200 1 6 600
ThllW 1/10/200S 11:0S Sunny 1 1 100 1 2 200
Thl2W 1/10/200S 11:2S Sunny 1 3 300 1 4 400
ThlSW 1/10/200S 11:S0 Sunny 1 <1 <100 1 <1 <100
Thl4W 1/10/200S 12:1S Sunny 1 145 14500 1 164 16400
ThlSW 1/10/200S 12:25 Sunny 1 <1 <100 1 2 200
Thl6W 1/11/200S 14:45 Sunny 10 1 10 10 2 20
Thl7W 1/11/200S 15:10 Sunny 10 53 530 10 47 470
ThlSW 1/11/200S 15:30 Sunny 10 10 100 10 10 100
Thl9W 1/11/200S 15:45 Sunny 10 57 570 10 48 480
Th20W 1/11/200S 16:05 Sunny 10 22 220 10 25 250
Th21W 1/11/200S 16:30 Sunny 10 164 1640 10 182 1820
Th22W 1/11/200S 16:55 Sunny | 10 <1 <10 10 <1 <10
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Table D.210 Well water faecal coliform counts at Thimarafushi island observation sites 
during May 2008.
Location
ID Date Weather Time
Sample 01 Sample 02
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
ThOlW 26.05.2008 Sunny 10:35:00 50 20 40 10 3 30
Th02W 26.05.2008 Sunny 11:10:00 50 92 184 10 18 180
ThOSW 26.05.2008 Sunny 11:50:00 50 9 18 10 4 40
Th04W 26.05.2008 Sunny 11:35:00 50 56 112 10 21 210
ThOSW 26.05.2008 Sunny 10:55:00 50 >300 >600 10 >300 >3000
Th06W 26.05.2008 Sunny 13:43:00 10 18 180 50 94 188
Th07W 26.05.2008 Sunny 15:40:00 10 69 690 50 181 362
ThOSW 26.05.2008 Sunny 16:30:00 10 39 390 50 149 298
Th09W 27.05.2008 Sunny 14:15:00 10 0 0 50 0 0
ThlOW 26.05.2008 Sunny 17:00:00 10 6 60 - - -
ThllW 27.05.2008 Sunny 08:25:00 10 16 160 50 52 104
Thl2W 27.05.2008 Sunny 09:25:00 10 44 440 50 246 492
ThlSW 27.05.2008 Sunny 11:23:00 10 394 3940 50 >300 >600
Thl4W 27.05.2008 Sunny 13:25:00 10 196 1960 50 >300 >600
ThlSW 27.05.2008 Sunny 15:20:00 50 210 420 10 68 680
Thl6W 26.05.2008 Sunny 17:05:00 10 6 60 50 12 24
Thl7W 26.05.2008 Sunny 10:45:00 10 >300 >3000 50 >300 >600
ThlSW 26.05.2008 Sunny 11:03:00 50 37 74 10 9 18
Tlil9W 26.05.2008 Sunny 13:50:00 50 >300 >600 10 >300 >3000
Th20W 26.05.2008 Sunny 12:10:00 50 63 126 10 19 190
Th21W 27.05.2008 Sunny 14:00:00 50 217 434 10 53 530
Th22W 27.05.2008 Sunny 14:20:00 50 194 388 10 40 400
T23 26.05.2008 12:05:00 50 >300 >600 10 198 1980
D .ll Sanitary survey observations of the wells studied in the Thimarafushi island.
Location
ID
Sanitary Hazard points (Yes -1, No - 0) Sanitary 
Hazard Score
Separation 
distance# (m)1 2 3 4 5 6 7 8 9
ThOl 1 0 0 0 0 0 0 0 1 2 10.0
Th02 1 1 0 0 0 0 0 0 1 3 8.4
Th03 1 0 0 0 0 0 0 1 1 3 4.8
Th04 1 1 1 0 0 0 1 1 1 6 1.6
Th05 1 1 1 0 0 0 1 1 1 6 2.9
Th06'''^ 1 1 0 0 0 0 0 1 1 4 3.0
Th07 1 1 0 0 0 0 1 0 1 4 8.3
Th08 1 0 0 0 0 0 0 1 1 3 5.0
Th09® 1 0 - - - - - - - 36.1
ThlO 1 1 0 0 0 0 0 1 1 4 11.6
Thll 1 1 0 0 0 1 0 0 1 4 11.1
Thl2 1 1 0 0 0 0 0 1 3 5.2
Thl3 1 1 0 0 0 1 0 1 1 5 5.0
Thl4 1 1 0 0 0 0 0 0 1 3 -
Thl5 1 1 1 0 0 0 1 1 1 6 8.0
Thl6‘’ 1 0 0 0 0 0 0 1 2 13.0
Thl7 1 1 1 1 0 0 0 1 1 6 5.3
Thl8 1 1 0 0 0 0 0 0 1 3 5.0
TM9* 1 1 0 0 0 0 0 0 1 3 15.8
Th20 1 1 0 0 0 0 0 0 1 3 5.1
Th21 1 1 0 0 0 0 0 0 2 9.5
Th22 1 1 0 0 0 0 0 0 1 3 9.2
Th23 1 0 0 0 0 0 0 0 1 2 8.0
NB: #  Separation distance between the study well and the septic tank;  ^ completely buried underground; well 
covered with metal lid, well water is pumped using demand driven electric motor;  ^ feeding cat;  ^drainage water 
is directed into the latrine pit.
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3. Observations from Vevmandoo island
Table D.13 Details of the Veymandoo observation sites.
Location
ID Address
Location
description
Type of 
structure Comments
VeOlW School School Well Well completely buried underground in the house
Ve02W Hospital Hospital Well
Well buried partially and covered with concrete 
slab
Ve03W Dhilbaaruge Private house Open dug well
Ve04W Faruna Private house Open dug well
Ve05W White Corel Private house Open dug well
Ve06W Janawareege Private house Open dug well
Ve07W Aboogasdhoshuge Private house Open dug well
Ve08W Daidymaage Private house Open dug well
Ve09W Kanzudhoshuge Private house Open dug well Feeding rabbits and birds
VelOW Kashimage Private house Open dug well
Covered with concrete slab and well water 
abstraction with motor
VellW Araairu Private house Open dug well
Another tube well in use within 10m of the same 
compound
Vel2W Vidhuvamge Private house Open dug well
Vel3W Amaaz Private house Open dug well
Vel4W Panzeemaage Private house Open dug well
Well shared by two neighbouring houses, hence 
two latrines present next to the same well
Vel5W Dhoonige Private house Well Well completely buried underground in the house
Vel6W Gadhage Private house Open dug well
Vel7W Sandha Private house Open dug well
Well completely buried underground and well 
water abstracted with hand-pump setup
Vel8W Mala Private house Open dug well
Vel9W New life Private house Open dug well
Ve20W Ronuge Private house Open dug well
Ve21W Ranthothi Private house Open dug well
Table D.14 Sanitary survey observations of the wells studied in the Veymandoo island.
Location
ID
Sanitary H azard ID (Yes - 1, No - 0) Sanitary  
Hazard Score
Separation  
distance# (m)1 2 3 4 5 6 7 8 9
VeOlW" 1 0 - - - - - - - - 6.2
Ve02W" 1 0 - - - - - - - - 35.3, 37.3
Ve03W 1 1 0 0 0 0 0 0 1 3 4.0
Ve04W 1 1 1 1 0 1 0 1 0 6 2.4
Ve05W 1 1 1 1 0 1 0 1 1 7 1.7
Ve06W 1 1 0 0 1 1 0 1 1 6 -
Ve07W 1 1 1 1 0 1 0 1 0 6 18.5
Ve08W 1 1 1 1 0 1 0 1 1 7 8.5
Ve09W" 1 1 0 0 0 1 0 1 1 5 12.5
VelOW'" 1 - - - - - - - 5.8
V el IW" 1 1 0 0 0 0 0 1 1 4 11.7
V el2W 1 1 1 1 0 1 0 1 0 6 16.1
V el3W 1 1 1 1 0 0 0 1 1 6 10.1
Vel4W" 1 0 0 0 1 0 1 1 4 3.4
Vel5W " 1 - - - - - - - 6.2, 12.6
V el6W 1 1 1 1 0 1 0 1 0 6
Vel7W® 1 1 - - - - - - - -
V el8W 1 1 1 0 0 1 0 1 0 5 9.0
V el9W 1 1 1 1 0 1 0 1 0 6 -
Ve20W'" 1 1 0 0 0 1 0 1 1 5 -
Ve21W 1 1 1 1 0 1 0 1 1 7 6.6
# Separation distance between the study well and the latrine pit
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Table D.15 Well water faecal coliform counts at Veymandoo island observation sites 
during January 2008.
Location
ID
Weather
conditions
Date
(M/DAO Time
Sample 01 Sample 02
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts / 
100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
VeOlW Cloudy 12/1/2008 14:10 10 <1 <10 10 <1 <10
Ve02W
after heavy 
rain for 45 
min.
12/1/2008
15:50 10 10 100 10 6 60
Ve03W Cloudy 12/1/2008 16:20 10 14 140 10 8 80
Ve04W Cloudy 12/1/2008 16:40 10 11 110 10 18 180
Ve05W Cloudy 12/1/2008 17:00 10 206 2060 10 266 2660
Ve06W Cloudy 12/1/2008 17:15 10 6 60 10 17 170
VeOTW Cloudy 12/1/2008 17:30 10 174 1740 10 110 1100
Ve08W Cloudy 12/1/2008 17:45 10 4 40 10 13 130
Ve09W Cloudy 13/1/2008 11:15 10 205 2050 10 218 2180
VelOW cloudy 13/1/2008 11:40 10 5 50 10 2 20
VellW
shower + 
cloudy
13/1/2008
12:00 10 7 70 10 9 90
Vel2W cloudy 13/1/2008 12:20 10 78 780 10 93 930
Vel3W
sunny + 
cloudy
13/1/2008
13:25 10 >300 >3000 10 >300 >3000
Vel4W cloudy 13/1/2008 13:45 10 16 160 10 16 160
Vel5W - 13/1/2008 14:00 10 1 10 10 1 10
Vel6W - 13/1/2008 14:15 10 58 580 10 56 560
Vel7W sunny 14/1/2008 11:45 10 <1 <10 10 1 10
Vel8W sunny 14/1/2008 12:10 10 4 40 10 7 70
Vel9W sunny 14/1/2008 12:35 10 48 480 10 56 560
Ve20W sunny 14/1/2008 13:10 10 110 1100 10 118 1180
Ve21W sunny 14/1/2008 13:30 10 127 1270 10 71 710
Table D.16 Well water faecal coliform counts at Veymandoo island observation sites 
during May 2008.
Location
ID
Weather
conditions Date
Time
(hrs)
Sample 01 Sample 02
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts / 
100ml
VeOl sunny 24.05.2008 19:50 50 32 64 10 14 140
Ve02 sunny 25.05.2008 15:43 50 6 12 10 1 10
Ve03 sunny 24.05.2008 15:40 10 1 10 10 <1 <10
Ve04 sunny 25.05.2008 16:20 10 1 10 50 0 0
Ve05 sunny 24.05.2008 16:45 10 0 0 50 2 4
Ve06 sunny 25.05.2008 08:05 50 - - 10 127 1270
Ve07 sunny 24.05.2008 17:00 10 11 110 50 92 184
Ve08 sunny 24.05.2008 19:00 50 69 138 10 23 230
Ve09 sunny 24.05.2008 19:35 50 >300 >600 10 >300 >3000
VelO sunny 24.05.2008 19:15 50 69 138 10 22 220
V eil sunny 24.05.2008 18:58 10 13 130 50 48 96
Vel2 sunny 25.05.2008 09:23 50 90 180 10 28 280
Vel3 sunny 25.05.2008 09:50 50 279 558 10 50 500
Vel4 sunny 24.05.2008 18:05 10 0 0 50 0 0
Vel5 sunny 24.05.2008 18:22 10 1 10 50 0 0
Vel6 sunnv 24.05.2008 17:40 10 5 50 50 8 16
Vel7 sunny 25.05.2008 10:10 50 3 6 10 . -
Vel 8 sunnv 25.05.2008 10:30 50 38 76 10 10 100
Vel9 sunnv 25.05.2008 14:20 50 196 392 10 30 300
Ve20 sunnv 25.05.2008 15:05 50 >456 >912 10 200 2000
Ve21 sunnv 25.05.2008 14:45 50 >300 >600 10 >300 >3000
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Appendix D The Maldives Islands field  work observations
Table D.19 Comparison of the well penetration at well locations Ve03 and V21 in the 
Veymandoo island with the ocean tide heights on the 25*^  and 30*** of May 2008.
Location ID: Ve21 Location ID: Ve03
Date: 30.05.2008 Date: 25.05.2008
Time
(hrs)
Tide height 
(cm)
Time
(hrs)
Well penetration 
(cm)
Time
(hrs)
Tide height 
(cm)
Time
(hrs)
Well penetration 
(cm)
02:15 167.7 09:00 75 03:00 205.6 07:45 75
09:25 210.4 10:10 85 09:18 155.2 08:55 73
15:04 186.8 11:10 85 16:11 224.8 10:55 66
20:21 208.4 12:00 86 22:18 177.8 13:10 66
13:15 86 15:15 73
14:15 89 17:05 82
15:05 83
16:05 84
17:05 83
Table D.20 Well water specific conductivity depth profile observation made at locations 
ID Ve03 and Ve21 in teh Veymandoo island on the 25*** and 30*** of May 2008.
Location ID: Ve21 Location ID: Ve03
Date: 30.05.2008 Date: 25.05.2008
Time (hrs) SC
Depth to W ater level 
(from GL) (m) Time (hrs) SC
Depth to W ater level (from GL) 
(m)
1164 -0.71 531 -1.06
1166 -1.01 535 -1.36
1168 -1.31 535 -1.66
09.00.00 1169 -1.46 07:45:00 574 -1.81
1170 -0.61 532 -1.06
1170 -0.91 573 -1.36
1170 -1.21 596 -1.66
10.10.00 1170 -1.46 08:55:00 593 -1.79
1172 -0.61 604 -1.15
1172 -0.91 607 -1.45
1172 -1.21 10:55:00 610 -1.81
11.10.00 1163 -1.46 562 -1.15
1163 -0.6 574 -1.45
1163 -0.9 579 -1.75
1163 -1.2 01:10:00 579 -1.81
12.00.00 1175 -1.46 616 -1.09
1170 -0.6 616 -1.39
1168 -0.9 616 -1.69
1168 -1.2 03:15:00 614 -1.82
13.15.00 1170 -1.46 518 -0.99
1170 -0.57 524 -1.29
1170 -0.87 576 -1.59
1170 -1.17 05:05:00 579 -1.81
14.15.00 1170 -1.46
1168 -0.63
1170 -0.93
1170 -1.23
15.05.00 1170 -1.46
1168 -0.62
1173 -0.92
1170 -1.22
16.05.00 1170 -1.46
1170 -0.63
1170 -0.93
1170 -1.23
17.05.00 1169 -1.46
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4. Observations from Burunee island
Table D.21 Follow up survey faecal coliform observations from Burunee island
Location
ID Address
Location
description
Type of 
structure
Sanitary Hazard ID (Yes - 1, No - 
0)
Sanitary
Hazard
Score
Separation
distance#
(m)1 2 3 4 5 6 7 8 9
BOIW Mars Private house 1 1 0 0 0 1 0 1 1 5 8.7
B02W Udharesuilla Private house Well 1 1 0 0 0 0 0 0 1 3 5.5
B03W^ Filigasdhoshuge Private house Well 1 1 0 0 0 1 1 1 1 6 7.8,10.5
B04W Alhivilaage Private house Well 1 1 1 1 0 1 0 1 1 7 3.8
B05W Fathmini Private house Well 1 1 0 0 0 0 0 0 1 3 1.5, 9.2
B06W Abugasdhoshuge Private house Well 1 1 0 0 0 1 0 1 1 5 5
B07W Huvadhumage Private house Well 1 1 0 0 0 1 0 1 1 5 1
B08W Athamaavilla Private house Well 1 1 1 0 0 1 0 1 1 6 4.2
B09W School School Well 1 0 1 0 0 0 1 1 1 5 4.2
Blow IDP camp House Well 1 0 0 0 0 1 0 1 1 4 3.7
BllW IDP camp House Well 1 1 0 0 0 1 0 1 0 4 10.3
B12W IDP camp House Well 1 1 0 0 0 1 0 1 0 4 5.4
B13W IDP camp House Well 1 1 0 0 0 0 0 1 0 3 10.3
BMW IDP camp House Well 1 1 0 0 0 1 0 1 0 4 3
B15W IDP camp House Well 1 1 0 0 0 1 1 1 0 5 -
B16W Deeffam House Well 1 1 0 0 0 1 0 1 1 5 1
Rainwater is directed into the well; # Separation distance between the study w ell and the latrine pit.
Table D.22 Well water faecal coliform counts at Burunee island observation sites during 
January 2008.
Location
ID
Date
(M/D/Y)
Weather
conditions Time
Sample 01 Sample 02
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts 
/ 00ml
BOIW 15/01/2008 sunny 02:30 10 16 160 10 24 240
B02W 15/01/2008 cloudy 02:50 10 21 210 10 18 180
B03W 15/01/2008 cloudy 03:25 10 >300 >3000 10 167 1670
B04W 15/01/2008 cloudy 03:50 10 6 60 10 4 40
B05W 15/01/2008 cloudy 04:20 10 43 430 10 62 620
B06W 15/01/2008 cloudy 04:40 10 <1 <10 10 2 20
B07W 15/01/2008 - 05:00 10 26 260 10 21 210
B08W 15/01/2008 - 05:20 10 31 310 10 20 200
B09W 16/01/2008 cloudy 11:00 10 62 620 10 40 400
Blow 16/01/2008 cloudy 11:25 10 258 2580 10 228 2280
BllW 16/01/2008 cloudy 11:45 10 21 210 10 20 200
B12W 16/01/2008 cloudy 12:10 10 <1 <10 10 <1 <10
B13W 16/01/2008 cloudy 12:30 10 1 10 10 1 10
BMW 16/01/2008 cloudy 12:50 10 2 20 10 2 20
B15W 16/01/2008 cloudy 01:05 10 5 50 10 1 10
B16W 16/01/2008 cloudy 01:25 10 21 210 10 59 590
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Table D.23 Well water faecal coliform counts at Burunee island observation sites during 
May 2008.
Location
ID
Date
(M/D/Y)
Weather
conditions
Sample 01 Sample 02
Time
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
BOIW 28.05.2008 cloudy 09.50.00 10 >300 >3000 50 >300 >600
B02W 28.05.2008 cloudy 10.30.00 10 1 10 50 2 4
B03W 28.05.2008 cloudy 10.45.00 10 1 10 50 11 22
B04W 28.05.2008 cloudy 11.05.00 10 3 30 50 16 32
B05W 28.05.2008 cloudy 12.05.00 10 2 20 50 14 28
B06W 28.05.2008 cloudy 12.25.00 10 76 760 50 258 516
B07W 28.05.2008 cloudy 12.45.00 10 2 20 50 6 12
B08W 28.05.2008 cloudy 13.00.00 10 >300 >3000 50 >300 >600
B09W 28.05.2008 cloudy 13.50.00 10 134 1340 50 >300 >600
B low 28.05.2008 cloudy 14.00.00 10 3 30 10 3 30
Bl lW 28.05.2008 cloudy 14.20.00 10 2 20 50 16 32
B12W 28.05.2008 cloudy 14.50.00 10 >300 >3000 50 >300 >600
B13W 28.05.2008 cloudy 15.00.00 10 34 340 50 150 300
B14W 28.05.2008 cloudy 15.15.00 10 9 90 50 18 36
B15W 28.05.2008 cloudy 15.40.00 10 13 130 50 53 106
B16W 28.05.2008 cloudy 15.55.00 50 34 68 10 10 100
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5. Observations from Fenfushi island
Table D.25 Sanitary survey and faecal coliform observations from Fenfushi island
Location
ID
Location
description
Type o f  
structure
Sanitary H azard ID (Yes - 1, No - 0) Sanitary
H azard
Score
Separation
distance#
(m)1 2 3 4 5 6 7 8 9
FOl Health centre Well 1 0 0 0 0 0 0 0 0 1 -
F02" Old, small mosque Well 1 1 0 0 1 1 1 1 0 6 -
F03" Private house Well 1 0 - 6.8
F04 = School Well 1 0 1 1 0 1 0 1 0 5 -
F05 Food stall in a house Well 1 1 1 1 0 0 0 1 1 6 11.7
F06 Food stall in a house Well 1 1 1 1 0 1 0 1 0 6 -
F07 Food stall in a house Well 1 1 1 1 0 1 0 1 1 7 -
FOB Private house Well 1 0 0 0 0 1 0 1 1 4 -
F09 Private house W ell 1 0 0 0 0 0 0 0 1 2 5.6
FIO Private house Well 1 0 0 0 0 0 0 0 1 2 6.0
F l l Private house Well 1 1 1 1 0 1 0 1 1 7 6.5
F12 Private house W ell 1 1 1 1 0 0 0 1 1 6 7.0
F13 Private house Well 1 0 0 0 0 0 0 0 1 2 5.7
F14 Mosque W ell 1 0 0 0 1 1 1 1 0 5 -
F15 Private house Well 1 1 1 1 0 1 0 1 1 7 7.0
F16 Private house Well 1 1 1 0 0 0 0 0 0 3 7.0
abandoned well near an old, small mosque surrounded by burial land, football ground and open land; buried 
under the ground; Sewage directly discharged to the sea; # Separation distance between the study w ell and the 
latrine pit.
Table D.26 Well water faecal coliform counts at Fenfushi island observation sites 
February
Location
ID
Date
(M/D/Y)
Weather
conditions Time
Sample 01 Sample 02
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
Volume
filtered
(ml)
Counts / 
Volume 
filtered
Counts
/100ml
FOl 2/7/2008 sunny 04:40:00 10 1 10 10 0 0
F02 2/7/2008 sunny 04:55:00 10 0 0 10 0 0
F03 2/7/2008 sunny 05:20:00 10 2 20 10 1 10
F04 2/7/2008 sunny 06:00:00 10 0 0 10 0 0
F05 2/7/2008 sunny 06:20:00 10 10 100 10 1 100
F06 2/7/2008 sunny 06:40:00 10 1 10 10 0 0
F07 2/7/2008 sunny - 10 0 0 10 0 0
F08 2/7/2008 sunny 07:15:00 10 0 0 10 0 0
F09 2/8/2008 cloudy 11:55:00 10 1 10 10 1 10
FIG 2/8/2008 cloudy 12:05:00 10 >300 >3000 10 >300 >3000
Fll 2/8/2008 cloudy 12:30:00 10 154 1540 10 109 1090
F12 2/8/2008 cloudy 12:45:00 10 >300 >3000 10 >300 >3000
F13 2/8/2008 cloudy 01:20:00 10 0 0 10 1 10
F14 2/8/2008 cloudy 01:35:00 10 0 0 10 0 0
F15 2/8/2008 cloudy 02:05:00 10 244 2440 10 242 2420
F16 2/8/2008 cloudy 01:50:00 10 0 0 10 1 10
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Table D.27 Specific conductivity depth profile at Fenfushi observation sites
Location
ID Date Description
Depth from 
GL(m) SC
Depth at SC=2500, 
from GL (m)
Well
penetration (m)
Freshwater lens 
thickness (SC<2500) 
(m)
FOl 07.02.2008 WT 0.9 635 4.5 0.9 3.5
WL 1.2 733
WL 1.4 740
WB 1.8 1089
F02 07.02.2008 WT 1.0 152 11.0 0.9 9.9
WL 1.3 294
WL 1.5 307
WL 1.8 307
WB 2.0 311
F03 07.02.2008 WT 0.8 2348 1.4 0.5 0.6
WL 1.1 2363
WB 1.3 2458
F04 07.02.2008 WT 1.0 1016 7.9 1.0 6.9
WL 1.3 1166
WL 1.6 1162
WL 1.8 1167
WB 2.0 1170
F05 07.02.2008 WT 1.0 817 - 0.8 -
WL 1.6 821
WL 1.8 821
WB 1.9 819
F06 07.02.2008 WT 1.1 844 39.2 0.4 38.1
WL 1.5 861
WB 1.5 861
F07 07.02.2008 WT 0.6 1859 0.9 0.6 0.2
WL 0.9 1945
WB 1.2 4530
F08 07.02.2008 WT 0.7 735 -22.2 0.9 -22.9
WL 1.2 715
WL 1.5 718
WB 1.6 732
F09 08.02.2008 WT 1.0 3277 -7.1 0.6 -8.1
WL 1.4 3324
WB 1.6 3324
FIG 08.02.2008 WT 1.4 11654 1.3 0.5 -0.1
WL 1.6 45174
WB 1.8 66750
F ll 08.02.2008 WT 1.0 682 5.4 0.5 4.4
WL 1.2 869
WL 1.5 869
WB 1.6 869
F12 08.02.2008 WT 0.8 1990 2.5 0.7 1.7
WL 1.2 2000
WL 1.4 2061
WB 1.5 2178
F13 08.02.2008 WT 1.0 8547 -19.6 0.7 -20.6
WL 1.2 8562
WL 1.5 8599
WB 1.6 8708
F14 08.02.2008 WT 0.8 303 36.8 0.9 36.0
WL 1.1 340
WL 1.3 341
WL 1.6 341
WB 1.7 344
F15 08.02.2008 WT 0.9 1077 - 0.7 -
WL 1.1 1077
WL 1.4 1077
WB 1.6 1077
F16 08.02.2008 WT 0.9 532 1.7 0.9 0.8
WL 1.1 893
WL 1.4 911
WL 1.6 1513
WB 1.8 3121
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6. Observations from Thoddoo island
Table D.28 Follow up survey faecal coliform observations from Veymandoo island
Location
ID
Sanitary H azard ID (Yes -  1, N o - 0) Sanitary
H azard
Score1 2 3 4 5 6 7 8 9
A1 1 0 1 0 0 1 0 1 0 4
A2 1 0 0 0 0 1 0 1 1 4
A3 1 0 1 1 1 1 0 1 1 7
A4 1 1 0 0 1 1 1 1 1 7
A5 1 1 0 0 0 0 0 2
A6 1 1 1 0 1 0 1 1 6
A7 1 1 1 1 0 1 0 1 1 7
AS 1 1 1 1 1 1 1 1 1 9
B1 1 1 1 1 0 1 0 1 1 7
B2 1 1 - - - - -
B3 1 1 1 1 0 1 0 1 0 6
B4 1 1 1 1 0 1 1 1 1 8
B5 1 1 1 1 0 1 0 1 0 6
B6 1 1 1 1 0 1 0 1 1 7
B7 1 1 1 1 0 1 0 1 1 7
B8 1 1 1 1 0 1 0 1 1 7
Table D.29 Well water faecal coliform counts at Thoddoo island observation sites
Location
ID Date
W eather
conditions Time
FC counts-Sam pIe 1 FC counts-Sam ple 2
Volum e
filtered
(ml)
Counts
/volum e
filtered
Counts 
/1 0 0  ml
Volum e
filtered
(ml)
Counts
/volum e
filtered
Counts 
/ICO ml
A1 02/05/2008 10.08 10 0 0 50 0 0
A2 02/05/2008 10.40 10 4 40 50 17 34
A3 02/05/2008 09.45 10 217 2170 50 >300 >600
A4 02/05/2008 10.25 10 30 300 10 33 330
A5 02/05/2008 13.30 10 0 0 50 0 0
A6 02/05/2008 11.10 10 6 60 50 53 106
A7 02/05/2008 13.10 10 0 0 50 0 0
A8 02/05/2008 12.50 10 0 0 50 0 0
B1 02/05/2008 15.30 10 8 80 50 >300 >600
B2 02/05/2008 15.45 10 0 0 50 0 0
B3 02/05/2008 15.50 10 25 250 50 >300 >600
B4 02/05/2008 16.05 10 20 200 50 56 112
B5 02/05/2008 16.30 10 >300 >3000 50 >300 >600
B6 02/05/2008 16.50 10 >300 >3000 50 >300 >600
B7 02/05/2008 17.00 10 9 90 50 >300 >600
B8 02/05/2008 17.15 10 0 0 5 0 0
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Appendix D The Maldives Islands field  work observations
Table D.37 SC depth profile observed during the period from 17*** to 20*** December 
2008 at Location IDl (‘Duni Hura’) in the Daravandhoo island.
Date
Time
(hrs)
Depth to 
w ater level* 
from  GL  
(m)
N ote (W T  
/W L /W B ) SC
Depth at 
SC=2500 
(m)
WeU
penetration
(m)
Freshwater 
lens thickness 
(sc<2500) (m)
16/12/2008 15:55:00 0.71 WT 812 7.56 0.80 6 ^ 5
1.01 WL 951
1.31 WL 951
1.51 WB 951
17/12/2008 08:00:00 1.54 WT 431 4.27 0.97 2.73
1.84 WL 955
2.14 WL 949
2.44 WL 946
2.51 WB 945
17/12/2008 09:20:00 1.57 WT 630 5.62 0.94 4.05
1.87 WL 946
2.17 WL 946
2.47 WL 946
2.51 WB 945
17/12/2008 11:35:00 1.61 WT 452 4.31 0.90 2.70
1.91 WL 945
2.21 WL 945
2.41 WL 946
2.51 WB 946
17/12/2008 13:05:00 1.67 WT 510 4.37 0.84 2.70
1.97 WL 936
2.27 WL 936
2.51 WB 933
17/12/2008 15:10:00 1.57 WT 941 -267.19 0.94 -268.76
1.87 WL 941
2.17 WL 941
2.47 WL 941
2.51 WB 938
17/12/2008 17:00:00 1.55 WT 931 -27.30 0.96 -28.85
1.85 WL 944
2.15 WL 941
2.45 WL 924
2.51 WB 933
18/12/2008 07:00:00 - -
18/12/2008 09:40:00 1.63 WT 442 4.09 0 ^ 8 2.46
1.93 WL 937
2.23 WL 937
2.51 WB 937
18/12/2008 11:00:00 1.6 WT 785 &58 0.91 6jW
1.9 WL 933
2.2 WL 937
2.51 WB 937
18/12/2008 13:20:00 1.94 WT 968 117.49 0.57 115.55
2.24 WL 972
2.51 WB 970
18/12/2008 14:55:00 1.7 WT 549 4.34 0.81 2.64
2 WL 970
2.3 WL 970
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2.51 WB 967
18/12/2008 16:15:00 1.57 WT 954 101.25 0.94 99.68
1.87 WL 964
2.17 WL 961
2.47 WL 962
2.51 WB 961
19/12/2008 08:10:00 1.51 WT 465 4.50 1.01 2 j ^
1.81 WL 938
2.11 WL 958
2.41 WL 958
2.52 WB 955
19/12/2008 09:15:00 1.53 WT 561 4.95 0.98 3.42
1.83 WL 955
2.13 WL 955
2.43 WL 955
2.51 WB 955
19/12/2008 11:05:00 1.61 WT 477 4.16 0.90 2.55
1.91 WL 951
2.21 WL 953
2.51 WB 946
19/12/2008 13:30:00 1.65 WT 507 4.35 0.86 2.70
1.95 WL 941
2.25 WL 941
2.51 WB 948
19/12/2008 15:00:00 1.64 WT 937 18.03 0.87 16.39
1.94 WL 945
2.24 WL 946
2.51 WB 938
19/12/2008 17:05:00 1.6 WT 516 4.75 0.91 3.15
1.9 WL 943
2.2 WL 943
2.5 WL 946
2.51 WB 939
20/12/2008 08:30:00 1.5 WT 934 16.18 1.01 14.68
1.8 WL 940
2.1 WL 937
2.4 WL 938
2.51 WB 935
20/12/2008 10:40:00 1.56 WT 532 4.88 0.95 3 2 2
1.86 WL 938
2.16 WL 935
2.46 WL 935
2.51 WB 927
20/12/2008 13:33:00 1.63 WT 527 4.57 0 ^ 8 2.94
1.93 WL 925
2.23 WL 925
2.51 WB 925
20/12/2008 15:10:00 1.63 WT 294 3.70 0^ 8 2.07
1.93 WL 925
2 2 3 WL 925
2.51 WB 925
20/12/2008 16:58:00 2.04 WT 527 3.88 0.47 1.84
2.34 WL 942
2.51 WB 933
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Table D.38 SC depth profile observed during the period from 17*** to 20*** December 
2008 at Location ID2 (‘Nafaa’) in the Daravandhoo island.
Date
Time
(hrs)
Depth to 
w ater level*  
from  GL (m)
Note (W T  
/W L /W B ) SC
Depth at 
SC=2500
w ell water
thickness
(m)
Freshwater 
lens thickness 
(sc<2500) (m)
16/12/2008 16:10:00 1.26 WT 792 226.68 0.73 225.42
1.56 WL 796
1.86 WL 796
1.99 WB 787
17/12/2008 07:50:00 1.24 WT 439 4.39 0.75 3.15
1.54 WL 799
1.84 WL 796
1.99 WB 796
17/12/2008 09:35:00 1.3 WT 413 4.22 0.69 2j%
1.6 WL 791
1.9 WL 791
1.99 WB 791
17/12/2008 11:53:00 1.34 WT 154 3.24 0.65 1.90
1.64 WL 792
1.94 WL 791
1.99 WB 791
17/12/2008 13:15:00 1.33 WT 434 4.31 0.66
1.63 WL 796
1.93 WL 787
1.99 WB 791
17/12/2008 15:20:00 1.27 WT 798 - 0.72 -
1.57 WL 798
1.87 WL 798
1.99 WB 798
17/12/2008 17:15:00 1.28 WT 798 84.79 0.71 83.51
1.58 WL 800
L88 WL 800
1.99 WB 798
18/12/2008 07:00:00 - - -
18/12/2008 09:28:00 1.27 WT 809 - 0.72 -
1.57 WL 803
1.87 WL 803
1.99 WB 796
18/12/2008 11:10:00 1.33 WT 416 4.16 0.66 2 ^ 3
1.63 WL 799
1.93 WL 803
1.99 WB 797
18/12/2008 13:35:00 1.35 WT 652 T83 0.64 6M8
1.65 WL 798
1.95 WL 798
1.99 WB 793
18/12/2008 16:22:00 1.29 WT 780 40.86 0.70 39.57
1.59 WL 791
1.89 WL 791
1.99 WB 784
19/12/2008 08:00:00 1.21 WT 286 3.65 0.78 2.44
1.51 WL 795
1.81 WL • 790
5 0 -
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1.99 WB 792
19/12/2008 09:30:00 1.25 WT 782 64.46 0.74 63.21
1.55 WL 795
1.85 WL 790
1.99 WB 792
19/12/2008 11:15:00 1.31 WT 467 4.58 0.68 3 2 7
1.61 WL 795
1.91 WL 791
1.99 WB 787
19/12/2008 13:40:00 1.36 WT 538 5.32 0.63 3.96
1.66 WL 791
1.96 WL 785
1.99 WB 785
19/12/2008 15:15:00 1.36 WT 438 4.36 0.63 3.00
1.66 WL 789
1.96 WL 789
1.99 WB 787
19/12/2008 17:15:00 1.31 WT 432 4 3 8 0.68 3.07
1.61 WL 787
1.91 WL 787
1.99 WB 787
20/12/2008 08:15:00 1.21 WT 785 492.41 0.78 491.20
1.51 WL 787
1.81 WL 787
1.99 WB 787
20/12/2008 11:00:00 1.29 WT 416 4.18 0.70 2 3 9
1.59 WL 802
1.89 WL 788
1.99 WB 781
20/12/2008 13:32:00 1.36 WT 330 3.80 0.63 2.44
1.66 WL 783
1.96 WL 783
1.99 WB 777
20/12/2008 15:25:00 1.38 WT 405 4.32 0.61 2.94
1.68 WL 757
1.98 WL 785
1.99 WB 780
20/12/2008 17:05:00 1.36 WT 473 4.76 0.63 3.40
1.62 WL 756
1.92 WL 785
1.99 WB 777
-51 -
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Table D.39 SC depth profile observed during the period from 17*** to 20*** December 
2008 at Location ID9 (‘Fayaaz’) in the Daravandhoo island.
Date
Time
(hrs)
D epth to 
w ater 
level* from  
G L (m )
N ote (W T  
/W L /W B ) SC
Depth at 
SC=2500 
(m)
w ell w ater
thickness
(m)
Freshwater 
lens thickness 
(sc<2500) (m)
16/12/2008 17:05:00 0.86 WT 1428 18.86 0.67 18.00
1.16 WL 1434
1.46 WL 1433
1.53 WB 1428
17/12/2008 07:20:00 0.81 WT 1202; 3 j # 0.71 2jW
1.11 WL 1443
1.41 WL 1444
1.52 WB 1444
17/12/2008 10:00:00 0.87 WT 358 1.90 0.65 1.03
1.17 WL 1425
1.47 WL 1433
1.52 WB 1433
17/12/2008 12:15:00 0.94 WT 505 1.91 0.59 0.97
1.24 WL 1423
1.53 WB 1428
17/12/2008 13:40:00 0.9 WT 269 I j # 0.63 O j#
1.2 WL 1428
1.5 WL 1425
1.53 WB 1428
17/12/2008 15:50:00 0.85 WT 1335 7.17 0.68 6.32
1.15 WL 1432
1.45 WL 1432
1.53 WB 1428
17/12/2008 17:45:00 0.85 WT 1443 -107.58 0.69 -108.43
1.15 WL 1441
1.45 WL 1439
1.54 WB 1436
18/12/2008 07:00:00 - - - -
18/12/2008 09:00:00 0.82 WT 698 2 J 2 0.71 1.40
1.12 WL 1372
1.42 WL 1426
1.53 WB 1429
18/12/2008 11:35:00 0 3 9 WT 1410 21.15 0.64 20.26
1.19 WL 1433
1.49 WL 1444
1.53 WB 1437
18/12/2008 14:00:00 0.9 WT 879 2.42 0.63 1.52
1.2 WL 1419
1.5 WL 1428
1.53 WB 1431
18/12/2008 16:50:00 0.85 WT 445 1.94 O j# 1.09
1.15 WL 1442
1.45 WL 1433
1.53 WB 1433
19/12/2008 07:30:00 0.79 WT 496 1.19 0.74 0.40
1.09 WL 1419
1.39 WL 1422
52-
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1.53 WB 241
19/12/2008 09:55:00 0.84 WT 799 2.29 0.69 1.45
1.14 WL 1419
1.44 WL 1422
1.53 WB 1419
19/12/2008 11:38:00 0.89 WT 1401 34.98 0.64 34.09
1.19 WL 1414
1.49 WL 1420
1.53 WB 1421
19/12/2008 14:05:00 0.92 WT 613 2.10 0.61 1.18
1.22 WL 1419
1.52 WL 1428
1.53 WB 1423
19/12/2008 15:30:00 0.9 WT 784 2.25 0.63 1.35
1.2 WL 1433
1.5 WL 1433
1.53 WB 1439
19/12/2008 17:35:00 &88 WT 620 2.06 0.65 1.18
1.18 WL 1443
1.48 WL 1439
1.53 WB 1424
20/12/2008 07:55:00 0.78 WT 719 2 2 3 0.76 1.45
1.08 WL 1399
1.38 WL 1399
1.54 WB 1399
20/12/2008 11:20:00 0.87 WT 1382 51.60 0.67 50.73
1.17 WL 1393
1.47 WL 1393
1.54 WB 1393
20/12/2008 13:52:00 0.91 WT 673 2.19 0.62 1.28
1.21 WL 1399
1.51 WL 1393
1.53 WB 1393
20/12/2008 15:50:00 0.93 WT 931 2.46 0.60 1.53
1.23 WL 1393
1.53 WB 1398
20/12/2008 17:40:00 0.92 WT 831 2.40 0.61 1.48
1.22 WL 1399
1.52 WL 1400
1.53 WB 1400
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Table D.40 SC depth profile observed during the period from 17^  ^ to 20*** December 
2008 at Location IDIO (‘Ayaaz’) in the Daravandhoo island.
Date
Time
(hrs)
Depth to 
w ater 
level* from  
GL (m)
N ote (W T  
/W L /W B ) SC
Depth at 
SC=2500
w ell w ater
thickness
(m)
Freshwater 
lens thickness 
(sc<2500) (m)
16/12/2008 17:15:00 1.00 WT 1123 95.12 1.02 94.12
1.50 WL 1132
1.80 WL 1131
2.02 WB 1128
17/12/2008 07:35:00 1.16 WT 1035 10.52 0.87 9.36
1.46 WL 1123
1.76 WL 1118
2.03 WB 1109
17/12/2008 09:50:00 1.21 WT 1110 107.52 0.82 106.31
1.51 WL 1111
1.81 WL 1118
2.03 WB 1118
17/12/2008 12:05:00 1.24 WT 968 7.73 0.79 6.49
1.54 WL 1098
1.84 WL 1111
2.03 WB 1111
17/12/2008 13:28:00 1.24 WT 1074 28.53 0.79 27.29
1.54 WL 1103
1.84 WL 1103
2.03 WB n i l
17/12/2008 15:35:00 1.20 WT 1055 17.76 0.83 16.56
1.50 WL 1103
1.80 WL n i l
2.03 WB n i l
17/12/2008 17:30:00 1.19 WT 1107 225.28 0.84 224.09
1.49 WL n i l
1.79 WL n i l
2.03 WB n i l
18/12/2008 07:00:00 - - -
18/12/2008 09:15:00 1.17 WT 421 2.98 0.86 1.81
1.47 WL 1092
1.77 WL 1099
2.03 WB 1089
18/12/2008 11:23:00 1.23 WT 1080 40.76 0.80 39.53
1.53 WL 1093
1.83 WL 1099
2.03 WB 1089
18/12/2008 13:45:00 1.24 WT 570 3.33 0.79 2.09
1.54 WL 1090
1.84 WL 1095
2.03 WB 1098
18/12/2008 16:40:00 1.23 WT 624 3.40 0.80 2.17
1.53 WL 1114
L83 WL n i l
2.03 WB 1108
19/12/2008 07:45:00 1.14 WT 349 2.72 0.89 1.58
1.44 WL 1160
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1.74 WL 1157
2.03 WB 1157
19/12/2008 09:40:00 1.17 WT 514 3.00 0.86 1.83
1.47 WL 1148
1.77 WL 1157
2.03 WB 1157
19/12/2008 11:28:00 1.22 WT 1104 15.54 0.81 14.32
1.52 WL 1158
1.82 WL 1163
2.03 WB 1163
19/12/2008 13:55:00 1.29 WT 1161 40.47 0.74 39.18
1.59 WL 1178
1.89 WL 1182
2.03 WB 1178
19/12/2008 15:20:00 1.25 WT 643 3.21 0.78 1.96
1.55 WL 1175
1.85 WL 1175
2.03 WB 1175
19/12/2008 17:25:00 1.23 WT 1134 19.93 0.80 18.70
1.53 WL 1176
1.83 WL 1174
2.03 WB 1175
20/12/2008 08:00:00 1.12 WT 525 3.28 0.91 2.16
1.42 WL 1141
1.72 WL 1153
2.02 WL 1153
2.03 WB 1148
20/12/2008 11:10:00 1.19 WT 160 2.55 0.84 1.36
1.49 WL 1157
1.79 WL 1153
2.03 WB 1147
20/12/2008 13:45:00 1.25 WT 471 2.93 0.78 1.68
1.55 WL 1149
1.85 WL 1141
2.03 WB 1141
20/12/2008 15:35:00 1.27 WT 578 3.13 0.76 1.86
1.57 WL 1151
1.87 WL 1149
2.03 WB 1142
20/12/2008 17:15:00 1.25 WT 361 2.79 0.78 1.54
1.55 WL 1141
1.85 WL 1142
1 2.03 WB 1142
- 5 5 -
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Appendix E
Chloride -  Eleetrical conductivity relationship
Shivasorupy (2005) reported the following relationship between electrical conductivity and 
chloride based on the information (343 numbers o f points) collected from Jaffna Water 
Resources Board.
pS/cm ) Line Fit Plot600
500
400
♦  Chloride(ppm) (x)
m Predicted
Chioride(ppm) (x) 
—  Linear (Predicted 
Chloride(ppm) (x))
O 200
100
1500500 1000
Ec(|jS/cm)
2000 2500 3000
Source: Shivasorupy (2005)
Graph E.l: Electrical conductivity vs. chloride plot for the lower range of chlorides 
(from 10 to 500mg/l, 74 numbers of points).
The observed groundwater chloride concentration in the Vilufushi island during the period 
from July to September 2005 was 4,878 mg/1 (BRCS/MottMacDonald, 2007, EIA report, p3- 
7). This chloride concentration o f 4,878mg/l is equivalent to 9597|uS/cm of electrical 
conductivity (Graph E.2). Assuming an average well water temperature o f 29^C for the 
Vilufushi island, 9597pS/em o f electrical conductivity is equivalent to 8916 pS/cm of 
specific conductivity (Section 5.3.2.3 o f Chapter 5).
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Ec(pS/cm) Line Fit Plot
60000 T
50000
?  30000
♦  Chloride(ppm) (x)
20000
■  Predicted
Chlorlde(ppm) (x)
—  Linear (Predicted 
Chloride(ppm) (x))
10000
20000 3000010000 50000 60000 70000 80000
Source: Shivasorupy (2005)
Graph E.2: Eleetrical conductivity vs. chloride plot for the higher order of chlorides 
(from 740 to 50000mg/l, 271 numbers of points).
E c(pS/cm ) Line Fit Plot
60000
50000
S  40000
30000
♦  Chloride(ppm) (x)
20000
■  Predicted
Chloride(ppm) (x) 
—  Linear (Predicted 
Chloride(ppm) (x))
10000
20000 30000 40000 50000
Ec(|jS/cm)
10000 60000 70000 80000
Source: Shivasorupy (2005)
Graph E.3: Electrical conductivity vs. chloride plot for the full range of chlorides (from 
10 to 50000mg/l, 343 numbers of points).
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Appendix F 
Site pictures
IDP camp area in the Burunee island
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